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EXECUTIVE SUMMARY

The obje..ive of this program was to evaluate the resistance of present-
day thermal barrier coatings - all in the early stages of development -
to combustion gases which are fcund in electric utility turbines fired
on petroleum fuels of varying impurities. The program was conducted in
three technical tasks: Task I ~ Thermal Barrier Sensitivity Tests,

Task II - High Pressure Effects, Task III - Endurance Testing.

The substrate alloys used for testing in the form of air-cooled
cylindrical specimens were Udimet 720 (blade alloy) and ECY 768 (vane
alloy). Two basic plasma sprayed coating structures were evaluated.
The first was a duplex coating which consisted of a thin NiCrAlY bond
coat and a thick refractory oxide overcoat. The second was a graded
coating which consisted of a graded NiCrAlY/oxide formulation.

The NiCrAlY composition selected for all coatings was Ni-19.93 Cr -
11.07 Al - 0.44Y. The refractory oxides were primarily zirconia-based
conpositions, although a2 calcium silicate coating was also evaluated.
These ccating systems were selected on the Lasis of powder availability
and state-of-the-art plasma spray processing.

In Task I ~ Thermal Barrler Sensitivity Tests, ambient pressure burner
rig tests were used to evaluate Zr0,*Y,05, Zr0,-Mg0 and Ca,S10, coating
systems. Tests were conducted at a gas temperature of 1150°C and air-
cooled metal temperatures of 800°C to 900°C using a GT No. 2 fuel as the
reference and impurity doped versions to sim.iate heavy oils and sea
salt contaminated fuel.

These burner rig tests showed that there are several present day thermal
barrier coatings that show a high potential for service in gas turbines
burning the relatively clean GT No. 2 fuel. The best candidates were
the duplex Zr03°8Y903, duplex CajS104 and graded ZrOj+8Y503. A

major constraint for the graded coatings is the oxidation-tempe.ature
limitation of the NiCrAlY used for grading purposes.

In contrast to the clean fuel test results, the impurity-doped fuel

tests showed that none of the present day thermal barrier coatings have
acceptable durability. The vanadium impurity which is present ir. most
heavy fuels was particu.arly detrimental to the coatings tested. The
graded coatings proved superior to duplex coatings in contaminated fuel,
at the lower metal temperaiures, but further development work is required
to optimize these coatings.

x1
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The degradation mechanisms of the oxide coatings in the presence of
vanadium, sodium and sulfur impurities were determined. Vanadium

impurity caused destabilization of Zr0-Y;03 coatings which in turn

caused cracking and spalling during thermal cycling. The destabilization
reaction occurred between the oxide coating and solid vanadate condensates
or gaseous vanadium oxides. Sodium sulfate impurity caused coating
degradation through a mechanical mode rather than a chemical one. Molten
Na7S04 or NaS04-MgSO4 condensates that deposited in the porous coatings
caused cracking and spalling due to the large mismatch in thermal
expansion coefficients between the oxide coating and solidified salts.

The Ca,510, and Zr0,-hMg0 coatings were also found to be reactive towards
fuel impur?ty condensates such as MgSO, and solid vanadates. In addition
these coatings were highly reactive towards the SO5/S0O; gas produced

from the enlfur impurity in the fuel. The reaction products with

S0,/503 are CaSO, and MgSO, that are rather friable.

In Task II - High Pressure Effects, the test conditions closely simulated
those of actual turbines operating at 135 psig. Both clean fuel and

fuel sensitivity tests were run. In the relatively clean GT No. 2 fuel
tests, the coatings performed very well even when the coatings were
subjected to thermal transients more severe than would be expected in
actual turbines. However, in the contaminated fuel tests, coating
failures generally occurred in less than 20 one-hour cycles of start-up
steady state, and cool down operation. Detailed analysis of tested
specimens showed that the reactions between the cuvatings and fuel
contaminants were qualitatively very similar to those found in the
atmospheric burner rig tests. 7The effect of the greater gas pressure and
hence contaminant levels, greater gas velocity and greater heat fluxes

in the pressurized test was tc accelerate the failures induced by the
fuel contaminants.

A pressurized passage test was also conducted on three selected coatings
using a coal deil.od liquid fuel - SRC~2, which was a 2.9 middle
distillate/l heavy distillate mix. This test was concluded after 20
cycles of testing due to the limited availability of fuel. All the
coatings tested, viz., duplex Zro 8Y203, graded Zr0O 8Y 0 3» and duplex
Ca,510,, survived without any %tgn of degradation, ilthough this test
was limited, it was a very encouraging result since previous evperience
has shown that 1f chemical induced failures occur, they usually begin

in less than 20 cycles of testing in the pressurized passage.

In Task IIl - 4000 hr Endurance Test, three ceramic coatings; duplex
Zr0p+8Y303, graded Zr0;°8Y,03 and duplex CapS10,, and a NiCrAlY coating;
were tedted in the atmospheric burner rig where the fuel was undoped

GT No. 2 fuel. Except for the NICrAlY specimen which was tested at a
netal temperature of 857°C, the gas/metal temperatures were 1150°C and
800°C, respectively. This test served to confirm the strengths and

xii
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weaknesses of the coatings as determined from earlier tests. The duplex
coatings performed best and successfully survived the test without
failure. Even in the presence of an accidental temperature excursion
which occurred for some specimeus during the 2200th cycle, the duplex
coatings showed excellent durability. The graded coatings showed
susceptibility to oxidation of the NiCrAlY in the graded zore as
observed in earlier tests. This demonstrated conclusively that a more
oxidation resistant MCrAlY was needed for long term durability of the
graded type coating. Although the duplex CaZSiOQ coating survived the
endurance test without failure, the coating showed surface microchipping
which was traced to the formation of CaSO, due to reaction with 802/503
gas. The NiCrAlY coated specimens showed oxidation and extensive void
formation after the 4000 hr. test.

This program has provided a reliable engineering assessment of the
resistance of present-day thermal barrier coatings - all in the early
stages of development - to combustion gases as would be found in electric
utility turbines. Clean fuel ambient pressure burner rig tests have
demonstrated that some coatings can withstand long cyclic exposure at
high temperatures while clean fuel pressurized passage rig tests have
demonstrated that these same coatings can withstand cyclic thermal
stresses fuar more severe than would be encountered in a utility turbine.

The partially stablilized duplex Zr02-8Y203/MCrA1Y coating is the most
promising candidate for continued development efforts, followed by the
duplex Cap$10,/MCrAlY and their graded versions. Fileld testing of these
coatings in utility turbines burning GT No. 2 fuel is recommended for
the near term. This will provide _he operating experience needed to
determine if any unusual problems exist and pave the way for taking full
advantage of the potential “enefits offered by the use of ceramic
coatings. For more corrosive operating conditions, further coating
development work is required. Progress has been made in this area in
the DOE/NASA Contract DEN3-110, "Advanced Ceramic Coatings,' also being
conducted by Westinghouse.

x{ii
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I. INTRODUCTION

1.1 BACKGROUND

The concept of thermal barrier coatings is to provide insulation to
critical air-cooled metal components. An important application is in
gas turbine engines where there are several ways to take advantage of
ceramic insulation at high temperatures (Refs. 1-4), e.g., increased
engine reliability by reducing metzl] temperature by ahout 100°C
increased engine efficiency and power by maintaining current metal
temperature and increasing gas temperature, and reduced fabrication cost
by eliminating elaborate cooling schemes. Durability and fuel flexi-
bility may also be achieved if the ceramic coatings were resistant to
inorganic salt contaminants (Ref. 5). It should be noted that plasma
sprayed ceramic coatings have been used for over ten years to reduce
metal temperatures in aircraft burmers and afterburners. But because
of the more stringent environmental requirements, turbine airfoils with
ceramic coatings are not yet in use.

A contemporary two-layer (duplex) thermal barrier coating is shown
schematically in Figure 1. Typically this consists of a thick plasma
sprayed ceramic layer deposited over a thin metallic bond coat. Another
verslon not shown 1s to introduce a graded intermediate region of
ceramic/metal to minimize thermal expansion mismatch between the ceramics
and metal.

The coating properties required for turbine engine application are
achieved through the selection of material properties and coating process
parameters. Deslred ceramic properties include low thermal conducti/ity,
a relatively high coefficient of thermal expansion, thermodynamic
stability in the gas turbine environment and mechanical stability toward
thermal cycling. The plasma spray process (Refs. 6, 7) helps achieve
increased thermal protection and improved thermal stress resistance due
to the coating porosity that 1is characteristic of this prucess. On the
other hand, gas permeability and condensed salt penetration into the
porous coating structure may induce coating degradation. Plasma sprayed
zirconlia compositions have been of most interest for thermal barrier
coatings ind have been under periodic development for about the past 30
years. Since the metal bond coats primary function is to provide a
substrate for adherence of the ceramic coating, it is very important that
the bend coat be oxidation and/or corrosion resistant at the metal

(Refs. 8-10) operating temperature. In this respect MCrAlY alloys
developed for coatiag turbine airfoils are proving very useful as the
bond coat for the thermal barrier coating concept, and in part, are
responsible for recent successes compared to earlier work.
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Figure 1 - Schematic representation of the duplex thermal
barrier coating



Most of the early thermal barrier coating research which extended from
the 1950's to early 1970's (Refs. 11-14) was conducted at NASA-Lewis
Research Center. This work focused on surface protection of both air-
craft engine and rocket engine components. By mid 1970's encouraging
results were achieved with a zirconila-based two layer system as shown

in Figure 1 (Refs. 15-18). From several stabilized zirconia compositions,
which included Ca0O, MgO and Y03 stabilizers, the Zr02°12 w/o Y03/NiCrAlY
system was chosen on the basis of adherence to the NiCrAlY bond coat,
thermal stress resistance, erosion resistance and stability in the air-
craft turbine environment. This work as well as that of others

(Refs. 19-22) stimulated further development of 2r07-Y503 coating
compositions and compatible MCrAlY bond coats. Figure 2 (Refs. 23, 24)
shows the recent improvements made as judged by durability to cyclic
testing using a very clean burning fuel. Yttria content in the 2r07-Y704
coating as well as yttrium content in the NiCrAlY bond coat are obviously
important to coating life. However the reasons for the improved dura-
bility have not been established. Otner factors such as bond coat
roughness are also important to coating adherence and durability (Ref.
20).

It shoull be noted that the most durable zirconia coatings are those
formed from the two-phase {partially stabilized) region of the zirconia-
yttria phase system Figure 3 (Ref. 25). This equilibrium system would predict
that the stable phases are cubic Zr0; (high Y30-) and monoclinic ZrO;
(low Y203) at room temperature where the latter transforms from the
tetragonal Zr0) (low Y703) that is stable above about 600°C. However,
this equilibrium case does not exist during the rapid cooling of plasma
sprayed 2r0+8 w/o Y703 and other compositions (Ref. 5). The room
temperature phases consist primarily of a non-equilibrium high yttria
tetragonal phase and minor amounts of cubic phase and monoclinic phase
similar to that obtained with rapidly quenched bulk material. A more
detailed study of the stability of these phases has been reported
recently (Ref. 26).

Although the durability of zirconia coatings have been exceptional in
tests conducted in relatively clean high temperature gases such as
natural gas and jet aircraft fuel, preliminary studies conducted at
Westinghouse (Ref. 5) and NASA (Ref. 4) suggested potential adherence
problems when the coatings are subjected to combustion environments

that contain impurities. Impurities are often found in turbine systems
that enter the engine either through injested run-way dust or sea salt
aerosals (Ref. 27). This may lead to the deposition of the highly
corrosive sodium sulfate salt onto turbine blades and vanes. In non-
aircraft application a similar result may occur. In addition imputities
sre introduced through the use cof lower grade fuels such as crude and
residual oils. Major impurities found in these fuels include sodium,
potassium, vanadium, iron, lead, phosphorous and sulfur. Also, minimally
processed coal-derived fuels may be burned in turbines in the future.
Although trace metal impurity levels in these fuels are uncertain, the
durability of thermal barrier coatings will need to be established as
they become available.
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In this program, emphasis was placed on the evaluation of the resistance

of thermal barrier coatings to combustion gases that contain corrosive
metal impurities. While preliminary studies were undertaken earlier

(Ref. 5), up to this program there had been no systematic study of fuel
sensitivity effects that would allow an assessment of the coating limi-
tations and potentials especially for electric utility turbine applicationms.
(Refs. 28, 29).

1.2 PROGRAM OBJECTIVE AND PLAN

The objective of this program was to ~-aluate the resistance of present-
day thermal barrier coatings -- all in the early stages of development --
to combustion gases which are found in electric utility turbines fired

on petroleum fuels of varying impurities. In this program, thermal
barrier coated air-cooled specimens were evaluated to establish temper-
ature, fuel impurity, pressure effects, and water-washing sensitivity as
well as coating lifetimes. The program was carried out in four tasks

as follows:

Task 1 Thermal Barrier Sensitivity Tests
Task II  High Pressure Effects

Task II1 Endurance Testing

Task IV Reporting

The substrate alloys used for testing in the form of air-cooled cylindrical
specimens were Udimet 720 (blade alloy) and ECY 768 (vane alloy), which
represent present-day turbine alloys.

The coating systems were selected on the basis of powder availability

and state-of-the-art plasma spray processing. These were primarily
zirconia-based coatings. Both duplex (two-layer) coatings consisting of
NiCrAlY bond cvat and an oxide overcoat, and graded NiCrAlY/oxide coatings
were evaluated. The NiCrAlY composition selected for all coatings was
Ni-19.93 Cr - 11.07 Al - 0.44Y,

In Task 1, Thermal Barrier Sensitivity Tests, ambient pressure burner rig
tests were conducted. Task IA, Clean Fuel Tests, consisted of testing

the coating systems in clean No. 2 GT fuel wherein the gas or metal
substrate temperatures were variables. Task IB, Fuel Impurity Sensitivity
Tests, consisted of testing the coating systems under dirty-fired fuel
conditions. The approach was to dope No. 2 GT fuel with impurities to
simulate heavy petroleum fuels used by utilities. Task IC, Water Washing
Sensitivity, consisted of evaluating the coating sensitivity to turbine
clean up (washing procedures).



In Task 11, High Pressure Effects, three selected coatings were exposed
to high-pressure conbustion gases and then evaluated as in Task I to
establish the comparative influence of exposure pressure.

In Task III, Endurance Testing, a long-time (to 4,000 hours) endurance
test was conducted in an atmospheric burner rig using the most promising
coating systems with life potential beyond 500 hours. The selection
was based on previous 500 hour burmer rig tests.

Evaluation and comparison of specimens of the as-deposited and exposed
specimens included visual, microscopic, X-ray diffraction (XRD), electron
microprobe (EMP), chemical analysis as appropriate, and non-destructive
measurements such as weights, dimensions, etc.

The expected result from this program was a reliable engineering assess-
ment of the resistance of present-day thermal barrier coatings to combustion
gases as would be found in electric utility turbines.



II. EXPERIMENTAL
2.1 MATERIALS
2.1.1 Test Specimen Geometry

The specific geometry of the test specimen used throughout the program
was a base alloy cylinder 7.6 cm long and 1.27 ¢m in diameter with a

6.35 mm diameter cooling hole located in the center of the cylinder.

Four thermocouple wells of 1.1 mm diameter and 6.35 cm deep were bored
from one end of the cylinder at midway between the cooling hole and outer
surface to accommodate thermocouples at different locations. The surface
of the test specimens was centerless ground to about 0.38 um surface
finish. A 0.127 mm thick NiCrAlY bond coating was applied to the speci-
men from end to end, whereas the thermal barrier oxide coatiug, which

was 0.38 mm in thickness, covered the middle 5.8 cm of the specimen and
only that portion of the specimen was exposed to the high temperature
gaseous environments. The ends of the oxide coating were tapered to
reduce the possibility of premature spalling due to end effects. The
design of the specimen is shown in Figure 4.

The alloy substrate materials were Udimet 720 (blade alloy) and ECY 768
(vane alloy). The Udimet 720 alloy was cbtained from Special Metals in
the form of rolied bars, while the ECY 7686 alloy was obtained from Misco
Hampton Division as cast bars.

Some of the machined U720 specimens were given a sclution heat treatment
at 1168°C for 4 hours and a stabilizing heat treatment at 1080°C for 4
hours under a vacuum of 1076 torr and furnace cooled. Specimens sent to
Linde Division of Unilon Carbide for coating were subjected only to the
solution heat treatment because their post-plasma sprayed diff-sion heat
treatment overlapped that of the stabilizing heat treatment. The cast
ECY 768 specimens were not heat treated prior to coating by vendors.

2.1.2 Coating Systems

Nine oxide coating systems were evaluated in this study (Table 1). They
fncluded both duplex and graded coatings, and with the exception of
Ca25104, all the overcoats were based on zirconia compositions. Both
the bond coat and oxide overcoat of each of the coating systems were
deposited by plasma spraying. Most of the zirconia coated specimens
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Table 1

Therwai Barrier Coating Systems

Oxide* )
Thernal Barrier Coating** Description Oxide Phase
Zr02‘8Y203 Duplex-~ 95 Tetragonal/cubic
Two Layers: 5 monoclinic

Q.127 mm NiCrAlY Bond Coat
0.38 mm Oxide Overcoat

Zr02’15Y203 Tetragonal/cubic
2r0,"20Y,0, Tetragonal/cubic
Zr02'26.65Mgo 82 Tetragonal/cubic
18 monoclinic
and Free MgO
Cazsioa C12510‘
"SR JEE T T T T S
1. "2r02'8Y203 Graded - Tetragonal/cubic
Three layers: monoc linc
0.1 mm NiCrAly
0.2 mm Graded Zone
0.2 mm Oxide Overcoat
2ro, 15\'203 Tetragonal /cubic
2r02‘20‘1‘203 Tetragonal/cubic
2r02'24.65H30 B2 Tetragonal/cubdbic

18 Monoclinic
and Free Mg0

]
Nozinal oxidz compcsitions fin wtl

]
.Nozinal Ni1CrAlY compositions (wtX): Ni-20Cr-11A1-0,4Y

10



were plasma sprayed from -200 + 30U mesh powders by the Linde Division

of Union Carbide, the exceptions were thai some of the duplex Zr0,8Y,03/
NiCrAlY specimenn were prepared by Plasmadyne and NASA Lewis Research
Center. The Ca;S .0, specimens were supplied exclusively by NASA Lewis
Research Center.

2.1.3 Pre-test Analysis

The as~deposited phases present in the oxides ac determined by X-ray
diffraction analysis are also shown in Table 1. It should be noted that
due to the rapid cooling from the melt during plasma spraying, the as-
sprayed zirconia phases do not reach equilibrium. Both the partially
stabilized and fully stabilized Zr02(Y203) compositinns consisted
primarily of tetragonal ZrOz(Y203) phases. They possibly also contained
cubie ZrOZ(Y203) phase. However, its Jetermination was uncertain because
the diffraction peaks obtained were ra*her broac and the latc.ice
parameters of the yttria-doped cubic and tetragonal zirconia phases
differed only very slightly. The partially stabilized Zr0,*8 w/o Y,04
also contained a minor amount of monoclinic Zr03(Y;03) phase. The
Zr07+24.65 w/o MgO composition, in addition t. tetragonal/cubic and
monoclinic ZrOZ(MgO), also contained Lome free MgO. For reference, the
location of tiie Zr02(Y203) compositions are shown in the ZrO»-rich
regions of the 2r0,:Y) ¢ system (see arrows in Fig. 3).

Detailed chemical analysis was performed on the NiCrAlY as well as the
Zr02-8Y203, Zr05+15Y,04 and Zr02-24.65 MgO powders used for plasma spraying.
The NiCrAlY powder was found to consist of 11.07 wt Z aluminum, 19.93 wt

Z Cr and 0.44 wt % yttrium. This is listed in Table 2 along with the
compositions of the base alloys. The chemical analysis results of the
oxides are shown in Table 3. .

Typical metallographic cross sections cf the duplex (2 layer) and graded
coatings are shown in Figs. 5 and 7, respectively. The elemental
characterization of the coatings was determined by electron microprobe
mapping. Typical electron microprobe scans obtained on cross sections

of the duplex and graded coatings are shown in Figs. 6 and 8, respectively.
Although the elements analyzed were 2r, Y, Mg, Al, Ni, Co, Si, Fe, Na,

S, Cu, only the major elements are shown to illustrate the as-coated U720
substrate/NiCrAlY bond coat/oxide structure of the duplex and graded
coatings.

The thickness of the bond coats and oxide overcoats was statistically
measured at a central cross-section with an optical microscope using a
calibrated Filar eye plece. It was found that all the coatings examined
were rather uniform in thickness around the circumference of the specimens.
The standard deviations in the coating thickness obtained for each of the
coatings were less t! “n 20X. The target thickness of the gruded coating
compositions, which represent current practice, was 0.1 mm bond coat,

0.2 mm graded zone and 0.2 mn of oxide.

11
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Table 2

CHEMICAL ANALYSIS OF NiCrAlY BOND COAT AND
BASE ALLOYS

Material Composition Manufacturer
NiCrAlY Ni - 19.93 Cr - 11.07 Al - 0.44 Y Alloy Metals, Inc.
Udimet 720 Ni - 15 Co - 18 Cr - 2.5 Al - 5 Ti Special Metals Corp.

- 3Mo-1.5W-0.04B -~ 0.04 Zr

- 0.04 C
ECY 768 Co-10Ni - 24Cr~7W-3.5Ta MISCO

- 0.2T1i - 0.C5 2r Hampton Div.

12
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Element

(Oxide)

2r0,
¥,0,
MgO

51
Ca
Fe
Al
Mg
Ni
Sb
Ti
Co
Cr
Cu
Mo
v

Table 3

Chemical Analyses of Oxide Overcoats

Concentration Wt.2X

2r0,-8Y,0,

Balance
7.98

0.3
0.15
0.1
<0.1
0.1
0.1
0.2
0.05
0.05
<0.05
0.05
<0.05

13

2r0,°15Y,0

2-222203

Balance
15.75

0.3
0.1
0.1
0.1
<0.1
0.05
0.1
0.05
<0.05
<0.05
<0.05
<0.05
<0.05

210, 24 65Hg0

Balance

25.5

0.1
0.15
0.1

0.1
0.1
0.2
0.05
<0.05
<0.05
<0.05
<0.05

S - b e e ——
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All tho incoming specimens were subjected to pretest nondestructive
evaluation (NDE) that consisted of weighing, dimensioning, visual and
optical screening for defects. Special attention was given to the
optical examination of the coating terminals because they were possibly
sites of premature fallure. Most of the specimens examined showed
excellent structural integrity.

2.2 TASK I - THERMAL BARRIER SENSITIVITY TESTS

2.2.1 Test Equipment and Procedure

All the tests in Task I were carried out in two burner rigs operating at
ambient pressure. The atmospheric burner rig was essentially a small
furnace with a fuel-burning combustor attached at one end (Fig. 9a).

The burner was operated at various fuel:air ratios and secondary diluent
air was injected to the post combustion zone to facilitate further
variation of combustion gas temperature. Eight air-cooled specimens
mounted on a platform were inserted from the bottom so that hot combustion
gas from the burner impinged at a right angle to the specimens. The
platform was mounted on a pneumatic cylinder so that the specimen could
be inserted or retracted from the furnace to achieve thermal cycling
(Fig. 9b). During actual testing, the test specimens were thermally
cycled once an hour (five minute heating cycle, 50 minute steady state
hold at test temperature and five minute cooling cycle).

To simulate an emergency shutdown of an industrial gas turbine, the
specimens were subjected to hot gas and room temperature air instantan-
eously during a heating and cooling cycle, respectively, in order to
achieve approximately 11 to 22°C per second of cooling rate. A front
view of the specimen holding platform with mounted specimens as well as
the specimen heating and cooling cycles are shown in Fig. 10.

Due to the inherent characteristics of the combustor used in the burner
rigs, the gas temperature spread across the specimen pack was generally
one to two hundred degrees, especially in a straight-through duct. In
order to reduce the temperature spread, the burner rigs were modified

by mounting a 15.2 cm wide rectangular refractory baffle (duct was 20.3 cm
wide) directly behind the specimen pack. The effect of the baffle was

to change the hot core of gas flow from through the specimen pact to
around the pack, thus spreading it wider. Temperature profiles . 't 'r the
modification were found to be improved significantly. Maximum gas
temperature difterence hetween center and edge of the specimen pack was
reduced to 80°C.

The variation of the metal temperatures due to specimen location as well

as that due to the presence of various thermal barrier coatings was
adjusted by using individual metering valves to externally adjust the

18
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cooling air flow rate without dismantling the specimen holdei.. Two
thermocouples for each specimen were used to monitor the high and the
low temperature of a test specimen. The variation of maximum metal
temperature in all eight test specimens were within +8°C.

Surface temperatures of thermal barrier coatings, when the test specimens
were exposed to 1150°C gas while substrate alloys were air-cooled to
800°C, were determined by several methods. Since a steady state value
could not be obtained due to lack of a suitable view port in the burner
rig, transient values were recorded during the cooling down cycle and
extrapolated buck to the steady state value. An infrared radiation
pyrometer (IRCON Model 300) with emissivity adjustment was used for the
measurement after calibrating for emissivity at 800°C. The surface
temperature of a graded Zr0j+20Y703 specimen was measured to be 900°C.
The measured value was checked with an optical pyrometer and Tempil

stick method. The optical pyrometer agreed with the IR Pvrometer reading
within 10°C and Tempil stick indicated that the surface temperature was
between 870°C and 927°C. The surface temperature determined on a duplex
2r0;-8Y03 specimen was also about 900°C. The fact that there was
insignificant difference between the surface temperatures of duplex and
graded specimens indicated that radiation probably played an important
part in determining tte heat transfer condition inside the burner rig.
This may not be the case in &actual gas turbines.

Both clean-fuel and impurity-doped fuel sensitivity tests were conducted
in the atmospheric burner rigs. Detailed tests are described in the
following sections.

2.2.2 Task lA - Clean Fuel Test

2.2.2.1 Test Results

Clean fuel tests were conducted using GT No. 2 fuel (ASTM 2880-76). A
typical chemical analysis of this fuel 18 shown in Table 4. Four differ-
ent tests were run in which the gas temperature was maintained at 1150°C
but the metal substrate temperature was varied from 800°C to 845°C to
900°C (Table 5). All tests were terminated after 500 one-hour cycles.

Cenerally, four types of cvating systems with duplicate specimens were
evaluated in each test. The uncoated alloy specimens were alsc included
for references purposes. Fig. 11 i{s a schematic diagram showing the
location of the eight test specimens in the burner rig. The list of
coating systems tested in these positions together with the summary of
the detailed visual observations made during each test are given in
Tables 6-9.

21
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Table 4

TYPICAL CHEMICAL ANALYSIS OF NO. GT-2

FUEL OIL
Concentration
Element (ppm)
Fe 2.0
Cu 0.8
.3 0.8
Mn 0.6
Pb 0.5
Al 0.3
Mg 0.3
Na and K 0.3
4 0.3
Ca 0.2
Cr 0.2
v 0.07
0.242 (wt %)

22
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Test No.

1A2

1A2R

1Al

Table 5

SUMMARY OF CLEAN FUEL TEST CONDITIONS

Gas/Metal Temp. Fuel
(°C)
1150/800 GT No.
1150/800 GT No.
1150/845 GT No.
1150/900 GT No.
23



Gas Flow
1150°C
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Figure 11 - Schematic diagram of specimen holder showing
specimen location
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The plan for each test was to extract a specimen after 150 hours (or
after failure*) and replace that specimen with a new one to accunulate

a total of 500 one-hour cycles and thereby have specimens for analysis
that were exposed for 150, 350 and 500 one~hour cycles. The original
plan was modified in some cases to accumulate hours even though a coating
spalled in order to assess corrosion/oxidation protection even in the
event of spalling.

Figure 12 shows the results of the clean fuel tests in terms of the
minumum number of one-hour cycles to cause a spalling failure. The
detailed test specimen locations and visual cbservations made during the
tests are listed in Tables 6-9.

It can be seen from Fig. 12a that only one coating, a duplex Zr0;¢i5Y;03/
NiCrAlY did not survive the 1150°C gas/800°C metal test condition. The
failure has been attributed to thermal stress since insignificant

impurity condensate could be found in post-test analysis. 1t is interesting
to note that the graded Zr0;*15Y,03/NiCrAlY coating survived the test
without faillure indicating that at these lower test temperature conditions,
graded coatings are more durable than their duplex counterparts. This

is attributed to the reduction of thermal expansion mismatch between the
ceramic overcoat and the NiCrAlY bond coat and the prevention of crack
propagation.

Figures 12b and 12c show tha: the duplex Zr0, 8Y,0., coatings survived

the higher metal temperature test con.itions whiie the gradea ZrO3¢8Y,03/
NiCrAlY and Zr02°+24.65 MgO/NiCrAlY did not. The latter cracked and
spalled after exposures as short as 50 one-hour cycles at the 1150°C gas/
900°C metal test conditions. The recidual layer beneath the spalled-ou.f
regions showed a greenish color, suggeating the likelihood of oxidation
of NiCrAlY particles contained in the graded zore.

The post-test conditions of some rerreseatative specimens from the clean
fuel tests are shown in Figs. 13 and 14.

2.2.2.7 Post-Test Analysis

Detailed post-test analysis, which included X-ray diffraction, merallo-
graphic as well as electron microprobe analysis, were conducted c¢-
representative specimens from the four clean fuel tests.

Hetallographic cross-section of a failed D-Zr0,*15Y,03/NiCrAlY specimen
after 350 hours of exposure in test 1A2 (1150°C gas, 800°C metal) is

shown in Fig. 15. It was observed that spalling generally occurred within
the oxide layer close to the bond coat and that there was always a thin
oxide layer (0.0l to v.1 mm) remaining.

*For the purpose of this program failure is defined as severe and hence
noticeable cracking and/or spallation of any part of the coating.
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Figure 12 - Cycles to failure in 500-hour cycle burner rig
tests using clean fuel (GT No. 2)
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Table &

Test 1A2 Summary*

Time Net
Specimen (1-hr cycles) Cycles
No. Position In Out Completed Failure Description
A-2 ] 0 150 150 Chip on upper rear corner
before test, did not change
after 150 1-hr cycles - No Failure
A-3 3 0 500 500 No failure
-1 6 0 500 500 At 182 hme, cracked at lower
side; at 269 hrs, cracked at
upper side; at 292 hrs, a
piece spalled from upper side.
B-2 4 0 150 150 No failure
c-1 7 0 500 500 "
c-2 1 0 150 150 "
U-1 2 0 500 500 "
U-2 8 0 150 150 "
A-7 S 151 500 350 "
B-3 4 151 500 350 t 350 h , Lrﬁcked at bettom
ront an
c-3 1 151 500 350 No failure
U-3 1 151 500 350 "
A~ Zro2 8y 0 (duplex)
B - ZrOz'le‘O (duplex)
C - 2r0,°24.65 Mgo (duplex)

2
Uncoated U-720 alloy

*
Fuel: CT No. 2
Temperatures: 1150°C gas/800°C mecal
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Table 7

Test IA2R Summary®

Time Net
Specimen (1-hr cycles) Cycles
No. Position _I-_ Out Completed Failure Description
D-2 2 500 500 No failure
D-3 8 353 353 No failure
E-1 3 ¢ 500 500 No failure
E-2 5 0 353 353 No failure
F-1 6 0 300 500 No failure
F-2 4 0 353 353 No failure
G-1 7 0 500 500 No failure
G-2 1 0 353 353 No failure
D-6 5 354 500 147 No failure
E-5 1 354 500 147 No failure
F-3 4 354 500 147 No failure
H-4 8 354 500 142 No failurw

D - Graded Zr02'15Y203

E - Graded Zr02'24.65 Mgo

F - Duplex 21'02'8V1203 (NASA)
G - Duplex Ca,Si0, (NASA)

®
Temperatures: 1150°C gas/800°C metal
Fuel: GT No. 2
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Table 8

Test IAl Summary*

Time
(1~hr Cycles) Net
Specimen Cycles

No. Position In Out Completed Failure Description

ABl 6 0 500 500 No Failure

AB2 3 0 150 150 " "

AB3 8 0 150 150 " "

AVl 2 0 500 500 " "

AV2 1 0 150 150 " "

AV3 4 ¢ 150 150 " "

UB1 5 0 500 500 " "

w1 7 0 500 500 " "

BB2 8 151 283 133 Spalled at upper end
at 50 net cycles

BV2 3 151 283 133 Spalled at upper end
at 73 net cycles

CB2 4 151 500 350 No Failure

cv2 1 151 S00 350 " "

BB3 8 284 500 217 Spalled at upper end
at 78-93 net cycles

BV3 3 284 500 217 Spalled at upper end

at 78-93 net cycles

AB - Duplex Zr0,:8Y203 on U-720 alloy substrate

AV - Duplex Zr0,-8Y203 on ECY-768 alloy substrate

BB ~ Graded Zr03:8Y,03 on U-720 alloy substrate

BV - Graded Z10,'8Y203 on ECY-768 alloy substrate

CB - Graded Zr03°24.65 MgO on U-720 alloy substrate
CV - Graded Zr02'24.65 Mg0 on ECY-768 alloy substrate
UB - Uncoated U-720 alloy

UV - Uncoated ECY-768 alloy

*Fuel = GT No. 2
Temperature = 1150°C gas/900°C metal
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Table 9

Test IAX Summary*

Time Net
Specimen (1-hr Cycles) Cycles
No. Position In Out Completed Failure Description
AVl 3 0 560 500 No Failure
AV2 7 0 150 150 " "
BV1 4 0 150 150 " "
BV2 8 0 500 500 Spalled at top end at
264 cycles
oVl 1 0 150 150 No failure
cv2 6 0 214 214 Spalled at top end at
214 cycles
svl 5 0 500 500 No Failure
uvl 2 0 500 500 " "
AV3 7 151 500 350 " "
. BV3 4 151 500 350 Spalled at top end at
240 cycles
Ccv3 1 151 500 350 Spalled at top end at
142 cycles
Cv4 6 215 500 286 Spalled at top end at
172 cycles
AV - Duplex Zr02'8Y203 on ECY-768 alloy substrate
BV - Graded 2r03'8Y203 on ECY-768 alloy substrate
CV - Graded Zr0O 'ZA.GgHgO on ECY-768 alloy substrate
SV - Duplex Caz510, on ECY-768 alloy substrate

UV - Uncoated ECY-768 alloy

*Fuel = GT No.
Tenperature =

2

1150°C gas/845°C metal
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Fig. 13 - Exposed specimens from burner rig test IAl

Fuel: GT No. 2
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Fig. 14 - Exposed specimens from burner rig test IAX
Fuel: GT No. 2
Temperature: 1150°C gas/ 845°C metal

*
Mechanically chipped after 150 cycles.
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Surface X-ray diffraction analysis and electron microprobe mapping scans
for zr, Y, S, Mg, P, V, Na, Si, Al, Fe, Ni and Co were alsc obtained in
the cross-sections of some test specimens. It was found that although
microprobe analysis failed to identify any condensed impurities, X-ray
analysis detectad a trace of Mg,(PO,) phase on the surface of the 500-
hour specimens. This occurred gecause the clean GT No. 2 fuel actaully
contained about 0.3 ppm Mg and 0.3 ppm P. A MgS0,-6H,0 phase was also
found on the Zr0,24.65 MgO/NiCrAlY specimens. This resulted from the
reaction between the sulfur contained in the fuel (about 0.25 wt X) and
the MgO in the coating. These Zr0,-24.65 MgO coatings also encountered
considerable destabilization of the cubic/tgtragonal phase. In fact,
the 500-hour specimen which did not fail, showed only a small amount of
cubic/tetragonal ZrO, phase remaining. This observation is in agreement
with the fact that from phase equilibria considerationms, tetragonal/
cubic Zr0,(MgO) is actually metastable at temperatures below ~900°C.
(Ref. 30). Thus it should undergo an eutectoid decomposition and form
Mg0 and monoclinic Zr0,(Mg0O) when thermally cycled. The reaction with

802/803 merely accelerates the decomposition.

Metallographic cross-sections of three specimens exposed to test 1Al
(1150°C/900°C gas/metal) are shown in Figs. 16-18. It was found that
the original fraction of NiCrAlY particles contained in the graded zone
of graded coatings (Figs. 16 and 17) was greatly reduced after the
test. This clearly demonstrated that the graded zone of both types of
graded coatings were extensively oxidized.

Results from X-ray diffraction analysis showed that the major oxidation
product in the graded zone was NiO. Minor amounts of Cry03 as well as
traces of Al;03 were also identified. These oxidation products are
expected from the NiCrAlY composition used; viz., Ni-20Cr-11A1-0.44Y.

Figure 18 shows the metallographic cross-section of specimen ABl
(D—Zr02-8Y203, 500 cycles without failure). As may be seen, the specimen
has excellent integrity after the tes%. However, electron microprobe
analysis of this specimen showed that the NiCrAlY bond coat surface had
oxidized and formed a 0.008 cm thick aluminum-rich surface layer which

is presumably Al,07 (Fig. 19b).

From these analyses it can be concluded that although the graded coatings
out performed their duplex counterparts at the lower test temperature
(800°C), they can encounter faillure at higher temperature due to the
disruptive internal oxidation of the NiCrAlY contained in the graded
zone. A more oxidation resistant alloy is therefore needed for the
graded coitings.
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2.2.3 Task 1B - Fuel Sensi:ivity Tests
2.2.3.1 Test Results

The fuel sensitivity tests were conducted by maintaining the gas/metal
temperature at 1150°C/800°C, resp ctively. GT No. 2 fuel doped to four
leveis of impurities to simulate crude and residual oils were used in

the tests (Table 10). Following commercial turbine practice, a magnesium
additive was added to fuels that contained vanadium (Mg/V = 3). All
tests were terminated after 500 one-nour cycles.

Figure 20 shows the results of the burner rig fuel sensitivity tests
with V dopants in terms of the minimum number of one-~hour cycles to
initiate spalling failure. The detailed test observations are listed

in Tables 11-14. It is clear from these results that the partiai'y
stabilized Zr0,°8Y504 coating performed better than the fully stabilized
Zr0y° 15Y,03 and Zr0,+20Y,04 coatings.

A possible explanation for the better performance of the partially
stabilized Zr02(Y03) coatings is that with an optimum fraction of
monoclinic Zr07(Y03), the microscopically stressed, two phase Zr0,(Y,0)
system can relieve thermal stresses by developing small stable cracks
throughout the ceramic (Ref. 31).

Test results shown in Fig. 20 also reveal strikingly that the graded
coatings, regardless of their compositions, out performed the duplex
counterparts. This reveals the advantage of the presence of a compliant
component to prevent crack propagation and subsequent spallation even

1f the oxide component may be under corrosion attack. While it is clear
from Fig. 20 that graded Zr02-8Y203 and duplex Ca,510, coatings performed
the best, none of the coating systems tested could survive the most
severe test with 180 ppm V. A general result from Fig. 20 is that
vanadium appears to be very detrimental to coating life. Accelerated
failures occurred with increasing vanadium content even when the Mg/V
ratio remained :constant.

Results from test 1B6, an acc.elerated sea salt corrosion test, are shown
in Fig. 21. Detailed test observations are listed in Table 15. Note
that the duplex coatings were tested at two metal temperatures: 800°C
and 900°C. The 900“C was chosen as the higher testing temperature in
order to be above the melting point of NapSO, (884°C).

Ic is clear from Fig. 21 that none of the coatings tested could survive

the severity of the test. In fact, the Ca;510, specimen tested at 900°C
metal temperature spalled at the top after only seven one-hour cycles.

The failed Ca,S10, specimen surfaces showed a glaved appearance suggesting
the possibilicy o? reaction betweer Ca,Si0, and the combustion gases and/or
condensates. Several NiCrAlY coated specimens also encountered severe
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Test No.

1B4

1B4R

1B5

1BX

1Bé

Table 10

SUMMARY OF FUEL SENSITIVITY TEST CONDITIONS

Gas/Metal

Temp (°C) Fuel

1150/800 GT No. 2 doped to 1 ppm Na, 2 ppm V, 2 ppm P,
0.5 ppm Ca, 2 ppm Fe, 6 ppm Mg

1150/800 GT No. 2 doped to 1 ppm Na, 2 ppm V, 2 ppm P,
0.5 ppm Ca, 2 ppm Fe, 6 ppm Mg

1150/800 GT No. 2 doped to 1 ppm Na, 50 ppm V, 2 ppm P,
0.5 ppm Ca, 2 ppm Fe, 150 ppm Mg

1150/800 GT No. 2 doped to 9 ppm Nz, 180 ppm V,
18 ppm P, 4.5 ppm Ca, 2 ppm Fe, 594 ppm Mg,
and 2.25 wt Z S

1150/800 GT No. 2 doped to 100 ppm Na, 180 ppm Cl,

and 13 ppm Mg, 4 ppm Ca, 4 ppm K and 2 wt % S
1150/900
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(b) Test 1BS (¢) Test 1BX
Fuel: CT No. 2 doped to (ppm) Fuel: GT No.2 doped to (ppm)
1-Na, 50-V, 2-P, 0.5-Ca, 9-Na, 180-V, 18-P,
2-Fe, 150-Mg 4.5 Ca, 2-Fe, 594-Mg

Figure 20 - Cycles to failure in 500-hour cycle burner rig tests
using aoped fuel (1150°C gas/800°C metal)
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Test IB4 Summary*
Time Net
Specimen (1-hr cycles) Cycles
___No. Position In Out  Completed Failure Description

A-4 3 0 500 S00 At 219 hrs, spalled at upper
front end

A-5 5 0 150 150 No failure

B-4 6 0 59 9 Spalled at both ends

B-5 4 0 59 59 Spalled at both ends

C-4 ? Y 500 500 At 267 hrs, spalled at center front

c-5 1 0 150 150 No failure

U-4 2 0 500 500 "

u-5 8 0 150 150 "

D-1 6 60 500 440 "

B-6 4 60 500 440 Between 1%6~172 hr (net
96-112 hr) a large crack
developed on upper front
end and chip fell off at
196 hr (136 hr net)

c-6 151 500 350 o failure

A-6 151 500 350 "

U-6 151 500 350 "

A - Zr02'8Y203 (duplex)

B - Zr02'15Y203 (duplex)

c - 2r02-26.65 MgO (duplex)
D - Graded Zr02'15Y203

U - Uncoated U-720 alloy

Table 11

*Fuel: GT No. 2 doped to 1 ppm Na, 2 ppm V, 2 ppu P

0.5 ppm Ca, 2 ppm Fe, 6 ppm Mg.

Temperatures:

1150°C gas/800°C metal



Table 12

Test IBAR Suncaryw

Net
S;ecimen (1-br cycles) Cycles
__Ne.__ Fesitfon _In  Our  Completed

-5 2 0 95 95
D-4 8 0 95 95
£-3 3 0 500 500
E-4 5 0 50 350
F-3 6 0 500 500
F-4 4 0 350 350
G-3 7 0 350 350
G-4 1 0 500 500
R-1 2 96 189 93
H-3 2 190 350 160
K-0 8 96 500 405
E-6 5 351 500 150
F-6 4 351 500 150
D4 7 35 500 954150
K-1 2 351 500 150

D - Graced Zr02'15Y203

E - Graded Zr02'24.65M30

F - Duplex Zr02‘8Y203 (NASA)

G - l.piex Cn 810, (NASA)

H - Duplex Zr02‘20\"03

K - Graded 2r02‘20Y203

®
Fuel: GT No. 2 doped to 1 ppm Na, 2 ppm V, 2 ppm P,
0.5 ppm Ca, 2 pyw Fe, 6 ppm Mg.

1150°C gas/800°C metal

Tesperatures:
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Failure Description

vo failure

Z

No failure
No failure

No failure
Chiyred at

314 hr, spalled through

lerngth of specinen at 421 hours.

Chipped at
No failure
No failure

Sralled at
56 hours

Sralled at
No failure
No faflure
No faflure
No failure
No failure

265 hours

ufper end at

60 hours
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Table 13

Test IB5 Summary*

Time
(1-hr Cycles) Net
Specimen Cycles

Nc. Position In Out Completed Failure Description

AB4 3 0 150 150 Chipped at upper end at
78 cycles
Spalled at upper end at
137 cycles

AB5 5 0 500 500 Chipped at upper end at
78 cycles

BB4 6 0 500 500 No Failura

BB5 4 0 150 150 ' "

CB4 2 0 150 150 Spalled at upper end at
115 cycles

CB5 8 0 500 500 Chipped at upper end at
113 cycles

UB4 7 0 500 500 No Failure

UBS 1 0 150 150 " "

AB6 3 151 500 350 Spalled at upper end at
265 net cycles

BB6 4 151 500 350 No Failure

CB6 2 151 500 350 " "

UB6 1 151 500 350 " "

AB - Duplex Zr0O-8Y303 on U-720 alloy substrate

BB - Graded Zr02:8Y303 on U-720 alloy substrate
CB ~ Graded 2r0,°24.65 MgO on U-720 alloy substrate
UB - Uncoated U-720 alloy

* Fuel = GT No. 2 doped to 1 ppm Na, 50 ppma V, 2 ppm P, 0.5 ppm Ca,
2.0 ppm Fe, 150 ppm Mg.
Temperature = 1150°C gas/B800°C metal
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Table 14

Test IBX Summaryt®

Time
(1-Hr cycles)
Specimen
No. Position 1In Out
1A 3 0 150
IA2 6 4] 150
1Bl 1 0 150
1B2 0 500
(0 5 0 500
I1C2 4 0 150
p £33 2(3%%) O 500
IN1 8(2#%) O 500
183 1 151 500
I1C3 4 151 500
182 6 151 500
WBl 8 151 500
IA - Duplex Zr02-8Y203
IB ~ Graded Zr02-8!203
I1C - Graded Zr02-24.65 Mg0
IS - Duplex c-2810‘
IN -~ NiCrAlY (5 mil)
WB - Duplex 2r0,+8Y.0

(ﬂutinghouz.) 23

Net
Cycles
Completed Failure Description

150 Spalled at front after
39 cycles

150 Spalled at front after
98 cycles

150 Chipped at top after
98 cycles

500 No failure

500 Small chip at top after
150 cycles

150 Chipped at lower front
after 59 cycles

500 Chipped at top edge
after 98 cycles, surface
micro-flaking

500 No failure

350 Spalled at bottom after
157 cycles

350 Chipped to top after
350 cycles

350 Surface mic. o-flaking
after ~100 cycles chipped
at top ecCge after 350 cycles

350 Mechanical chipped at top

edge after 156 cycles

on U-720 alloy substrate

*Fuel = GT No. 2 doped to 9 ppm Na, 180 ppm V, 18 ppn P, 4.5 ppm Ca,

2 ppa Fe, 596 ppm Mg and 2.25% S.
Temperature = 1150°C gas/800°C metal

*&New position after 150 cycles

-
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Figure 21 - Cycles to failure in a 300-hour cycle burner rig test
(Test 1B6)
Temperature: 3 1150°C gas/800°C metal
-mm  1150°C gas/900°C metal
Fuel: GT No. 2 doped to (ppm): 100-Na, 180-Cl, 13-Mg,
4-Ca, 4-K 2 WtZXS
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Specimen No.* Position
Al (800) 4
Az (900) 6
Bl (800) 1
B2 (800) 8
S1 (900)
52 (800) 5
N1 (900) 3
N2 (857) 7
A3 (900) 6
B3 (800) 8
N3 (857) 7
WB1 (900) 2
A-D- Zr02-8Y203
B-G-~- Zr02-8Y203
S$-D- Ca25104
N - NiCrAlY (5 mil)

Table 15

TEST 1B6 SUMMARY*

Time Wet
1-Hr Cycles Cycles
In Out Completed

0 300 300
0 151 151
0 300 300

151 151

151 151

300 300
0 300 300
0 151 151
152 300 149
152 300 149
152 300 149
152 300 149

WB -D - Zr02-8Y203 (Westinghouse sprayed)

Failure Description

small chip at front
after 18 cycles

chipped at front bottom
after 67 cycles

spalled at middle
after 191 cycles

No failure
Spalled at top after 7 cycles

Spalling at front after 163
cycles

Severe hot corrosion

Signs of hot torrosion

Spalled at typ after 40 cycles
No failure

Signs of hot corrosion

Cracked at front after
40 cycles

Fuel = GT No. 2 doped to 100 ppm Na, 180 ppm Cl, 13 ppm Mg, 4 ppm Ca, 4 ppm K,

2 wtX S.

* Temperature = 1150°C gas/metal temperature (°C) in parenthesis,

o
I’i,\

v e W

47




hot corrosion. Although most of the coatings failed in relatively short
testing times, the test was continued to accumulate 300 one-hour cycles
in order to gain information on the possible corrosion resistance of
failed specimens that still retained a thin coating layer.

The post-test conditions of some representative specimens from these
fuel sensitivity tests are shown in Figs. 22-24.

2.2.3.2 Post-test Analysis

Metallographic examination of the contaminated fuel tested specimens
showed that the duplex coatings always spalled in the ceramic coating
very close to the ceramic/NiCrAlY interface. The cross-section of a
D-Zr0,+8Y,04 specimens failed in the 50 ppm V test (1B5) is shown in
Fig. 25 as an example. This is similar to the failure locations of the
clean fuel tested specimens mentioned in section 2.2.2.2. However, for
graded specimens tested in contaminated fuels, cracking and eventual
spalling occurred only near the oxide/graded zone interface. Thus a
graded zone which can provide some protection was left adhering to the
specimen. A typical cross-section of a graded specimen failed in a
contaminated fuel test is shown in Fig. 26. This is different from the
failure mode of the graded coatings encountered in clean fuel tests at
higher metal temperatures (845 and 900°C) where failures occur at the
graded zone/NiCrAlY bond coat interface as shown earlier in Figs. 16, 17.

Detailed post-test analyses, which included X-ray diffraction, chemical
as well as electron mi« roprobe analysis showed that chemical and
physical interactions Letween the ceramic coatings and the combustion
gases and/or condensates played a critical role in coating degradation.
Detailed findings from the post-test ar:lysis for each coating system
are described below.

(a) Zr02°Y03/NiCrAlY coating systems

Post-test analysis on Zr0)(Y703) coatings exposed to combustion environ-

ments containing vanadium impurities revealed that the coating degradation

was closely related to the destabilization of ZrOz(Y203) induced by the
reaction with combustion condensates.

Zr0,*8Y703 specimens (both graded and duplex) that failed in the

vanadium doped tests invariably shewed an increase of monoclinic Zr0,(Y,03),

(greater amounts with increased vanadium contamination). Using careful
sampling procedures, this destabilization process of tetragonal/cubic

2r07(Y704) to monoclinic ZrOz(Y203) has been examined in detail. Table 16

shows the results of post-test X-ray analysis on a failed graded
2r0,8Y,0, specimen exposed in Test 1BX for 350 one-hour cycles. X-ray
samples were taken at various depths of the coating from both leading
and trailing edges.
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Table 16

X-Ray Results on a G-Zr0,+8Y,0; Specimen
Exposed for 350 cycles in Test 1BX

X-Ray Sample Pre-Test Phase Post-Test Phase
Surface deposits (L.E.) - - Hg50“.6H20
- Mg0, Hg3V208

Coating surface just

below deposits (L.E.) M-Zroz(Y203)(tetra/cubic) M- ZrOZ(Y203)(monoclinic)

m-Zroz(Y203)(monoclinic) n - Zroz(Y203) (tetra/cubic)
T - MgSO4

Deep coating interior (L.E,) H-Zroz(Y203)(tetra/cubic) M- Zr02(Y203)(tetr§/cubic)
m-ZrOz(Y203)(manoc11nic) m - ZrOZ(Y203)(monoclinic)

Back of spalled chip(L.E.) H-Zroz(Y203)(tetra/cubic) M- Zr02(Y203)(tetra/cubic)
m-ZrOz(Y203)(monoclinic) m - ZrOZ(Y203)(monoclinic)

Surface deposits ‘T.E,) T - MgSOA.oHZO

Coating surface just M-Zroz(Y203)(tetra/cubic) M - Zr02(Y203)(tetra/cubic)

below deposit (T.E.) D -

' m-ZrOZ(Y203)(monoclin¢c) Zroz(Y203)(monoclinic)

L.E, = leading edge
T.E. = trailing edge

M = Major
m = Minor

T = Trace

*Test Temperature = 1150°C gas/800°C metal

Fuel: GT No. 2 doped to (ppm) Na - 9, V-180, p - 18,
Ca - 4.5, Fe - 2, Mg - 594, S - 2,252

Test Time - 350 one-hcur cycles
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As may be seen from Table 16 the destabilization of tetragonal/cubic
Zr0p(Y203) occurred predominantly at regions close to the surface while
the coating interior remained unaffected, It is also evident that the
destabilization reaction occurred preferentially at the specimen
leading edge where more combustion condensates (Mg3V,0g, MgSO, and Mg0)
are collected. Another important observation was that the back of a chip
spalled from the leadlng edge showed no observable destabilization.
These observations suggest that in combustion environments containing
vanadium impurity, destabilization of tetragonal/cubic zirconia occurs
as the result of chemical reactions with combustion deposits collected
on the specimen surface.

It is well known that monoclinic Zr0, undergoes phase transformation on
heating and cooling with an assoclated disruptive volume change reported
between 4 to 6X. This destabilization reaction can therefo.e initiate
coating cracking and eventually lead to failure (spallatiom).

Post-test analysis of specimens exposed to the Na doped fuel tests
revealed that the condensation of molten Na,S0, was the main cause of
coating fallure. Figure 27 shows the EMP mapping tor D-Zr0je8Y703/NiCrAlY
that was exposed to the 100 ppm Na, 2 wt ¥ S doped fuel test (Test 1B6)
for 151 one-hour cycles. It can be seen that NajS0, has penetrated

deeply into the cracks and pores of the Zr0s°Y»0q coating.

Figure 28 shows the EMP scans on the same D~Zr0Oj¢8Y703/NiCrAlY specimen
on an area near the NiCrAlY bound coat. Examination of this figure
demonstrates that the Na)S0, condensate can penetrate into the porous
Zr0)+Y,04 coating as far as the Zr0y-Y,03/NiCrAlY interface.

It i{s important to peint out that this N, ;S04 penetration can even occur
at temperatures below the melting point of Na,50, (884°C), bLecause fuel
impurities such as Mg can depress the sulfate melting point by forming,
low melting eutectics such as NapSO0,-MgSO,. This {s illustrated by the
EMP scans of a falled D-Zr02'20Y903 specimen (Fig. 29) expused to the

(1 ppm Na, 6 ppm Mg test at 800°C metal temperature (Test 1B4R).

The deep penetration of Na, Mg and S§ into the porous oxide coating has
been connected to the formation and penetration of a liquid Na,50,-MgSO,
salt, Chemical analysis of water-washed samples showed that the soluble
condensate consisted of Na;80,°MgS0, in the molar ratio of 0.72, assuming
that the soluble sodium and magnesfum were preseut as sulfates. According
to the Na;S0,-MgS0, phase system (Ref. 32), this mixed salt should be
molten at 765°C. Since the highest temperature gradient in the woxide
samples is 900°C surface and 300°C bond coat, the salt was molten during
testing where these conditions prevailed.

It is interesting to note that neither X-ray nor EMP analyses showed any
indication of Na-S-Y or Na-S-Ur type compound formation. This suggested
that the effect of the Na:S0,-MpSO, on Zr0,(Y,03) coating {s probably

v—
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28 - EMP scans on specimen A2 (D—Zr02-8Y203) 151
Test 1B6 (area near bond coat)
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mechanical in nature. Several possible mechanisms relating molten
sulfate penetration to Zr0(Y03) coating failure will be discussed in
a later section. Among these mechanisms, the one that involves the
thermal expansion mismatch between the ZrOz(Y203) coating and the
entrapped solidified salt condensate is the most probable.

(b) Zr0,-24.65 MgO coating systems

X~-ray diffraction analysis revealed that in both the vanadium and sodium-
doped tests a large fraction of MgO contained in the original duplex and
graded Zr03*24.65 Mg0 coatings had reacted with S02/S03 (g) in the combus-
tion gases to form MgSO,. Fig. 30 shows the EMP scans on a G-Zr0j* 24.65
MgO specimen that was exposed for 500 hr3. in Test 1B4R. MgSO, was

found throughout the outer three-quarters of the coating thickness.

A result of removing MgO stabilizer from the ZrOZ(MgO) solid solution
was destabilization of Zr0,(MgO) according to the reaction:

ZrOj+a Mg0 + x SO3 + Zr0p(a~x) MgO + x MgSO,
(Tetragonal/cubic) (Monoclinic)

This is clearly illustrated by the X-ray diffraction analysis results
obtained on several Zr0,+24.65 Mg0O specimens expos~d to Test 1B4 for
various times (Table 17). The monoclinic Zr0O,(Mg0) phase changed from
a trace phase into a major phase in less than 350 hrs.

This observed destabilization as well as the volume change associated
with the MgSO, formation were the major contributors responsible for the
coating failure.

(c) CayS5i0,4 coating system

X-ray and electron microprobe results on the duplex Ca,Si0, coating,
which performed quite well in most of the burner rig tests, suggested

the occurrence of chemical reactions. In both the vanadium and sodium-
doped fuel tests, Ca,5i0, was found to be susceptible to the attack of
SO3/SC2 gas. A soft and powdery CaSO, phase was generally found through-
out the coating. The reaction that occurred was:

Ca,510, + 2504(g) = 2Cas0, + §10,

Fig. 31 shows the EMP scans on an interior region of a D-Ca,510, specimen
that was exposed to the sodium doped test (Test 1B6) for 151 cycles.
The extensive formation of CaSO, 1is clearly evident.

There is also evidence that a ternary magnesium-calcium silicate nay

have formed on the Cap$10, coating surface after exposure to the
combustion environments containing magnesium-vanadium impurities (Fig. 32).
Although X-ray diffraction analysis could not identify the exact reaction
product because broad amorphous peaks were obtained, the overlapping of
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Table 17

X-RAY RESULTS ON Zr0,+24.65 MgO SPECIMENS EXPOSED TO TEST 1BX

Exposed Time
0 M - Tetragonal/cubic Zr0, (Mg0)

m - MgO
T - Monoclinic ZrOz(MgO)

150 hrs M - Tetragonal/cubic Zr0, (Mg0)
m - MgO, Mgy (PO,),
Monoclinic ZrOZ(MgO)

350 hrs M - Monoclinic ZrOz(MgO)
m - Tetragonal/cubic 2r0,(Mg0)
MgO, MgSO,*6H,0
Mgy (PO,),

500 hrs M - Monoclinic Zr0,(MgO)
m - Tetragonal/cubic 2r0,(Mg0)
MgS0,°6H,0, Mg5(PO,),

M = major
m = minor
T = trace
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Mg, Si and Ca concentrations (Fig. 32) strongly suggests the formation
of a magnesium-calcium silicate. These findings demonstrate that
Ca,510, is chemically reactive with turbine condersates such as Mg3V,0g
and MgSO,.

(d) NiCrAlY coated and uncoated specimens

Most of the NiCrAlY coated and uncoated specimens encountered insignificant
attack during the tests. Even those exposed to the 180 ppm V fuel test
(Test 1BX) exhibited no noticeable hot corrosion. This 1is attributed to
the inhibition effect of the Mg additives. The only exceptions were those
specimens exposed to the high Na-doped fuel test (Test 1B6). In this

case some of the NiCrAlY coated specimens were attacked so badly that

the 1/8 inch thick metal substrate wall was completely corroded.

Figure 33 shows the cross-section of a NiCrAlY coated specimen exposed
for 151 cycles to Test 1B6 at 857°C metal temperature. Extensive hot
corrosion attack is clearly demonstrated. An area that suffered a
complete loss of the plasma sprayed NiCrAlY coating is shown in Fig. 33b.
The cross-section of an unfailed G-ZrO - 8Y 0 /NiCrAlY specimen that was
exposed for the same 151 cycles (but at a me%al temperature of 800°C) is
shown in Fig. 34. There is no evidence of any hot corrosiou attack even
in the graded zone. Since these two specimens were tested at the same
gas temperature and same cooling rate, results shown in Figs. 33 and 34
clearly illustrate the benefits of the lower metal temperature that
resulted from the vce of the thermal barrier coatings.

Another important finding is that the NiCrAlY bond coats, exposed after
the spalling of the Zr0,°8Y,04 and Ca,S510, overcoats, encountered markly
different corrosion attock at the same testing conditions. The exposed
NiCrAlY bond coat of a NASA prepared specimen (D—Cazsio /NiCrAlY)

was corroded so badly after 151 cycles of exposure at 900°C that cou)lete
loss of NiCrAlY coating was observed in some areas (Fig. 35a). As a
result, even the substrate was corroded (Fig. 35b). However, the expcsed
NiCrAlY bond coat of the Linde prepared specimen D—Zr02-8Y203 specimen
tested at the same temperature for the same number of cycles experienced
no observable hot corrosion (Fig. 36).

There ar: several reasuns to account for this difference in corrosion
attack. One reason is that the oxide overcoat on the CaZSiOA/N1CtAlY
specimen was lost earlier, so that the NiCrAlY bond coat was exposed

for a longer period. Another possible reason is that a residual
ZrOZ(YZO ) layer remained on the NiCrAlY bond coat of Zr0y- 8Y20 /NiCrAlY
specimen whereas no residual oxide layer remained in the case of the
Laszoa/NICrAlY specimen. However, another and perhaps more important
reason for the difference in corrosion resistance of these specimens is
related to the microstructure of the NiCrAiY beond coats. Tt can be seen
from Fig. 37 that the NASA sprayed NiCrAlY bond coat exhibits a porous
layered-type structure. However, the spraying parameters and post-sprayed
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treatments employed by Linde have resulted in a highly dense structure
(Fig. 36). Thus although the porous nature of the NASA NiCrAlY bond
coat may offer good thermomechanical performance, it also provides easy
paths for corrodants to penetrate into the coating and thereby enhance
hot corrosion attack. These results suggest that in order to have both
chemical and thermomechanical stability, the microstructure of the
NiCrAlY coats still need to be optimized.

2.2.4 Task 1C - Water Washing Sensitivity Tests
2.2.4,1 Test Results

The objective of conducting these tests was to evaluate the coating
sensitivity to turbine clean-up (water washing procedures). The first
water washing sensitivity test (Test 1Cl) was conducted using the same
contaminated fuel as that in Test 1BS: GT No. 2 fuel doped to 1 ppm Na,
50 ppm V, 2 ppm P, 0.5 ppm Ca, 2 ppm Fe, and 150 ppm Mg. The fuel
simulated a water washed residual oil treated with a magnesium~containing
fuel additive. The gas and metal temperature were 1150°C and 800°C
respectively (Table 18).

The sample measurements and water washing schedule for Test 1Cl were as
follows:

0 hour Weigh
50 hour Weigh, wash, weigh
100 hour Wash
150 hour Wash and replace new specimen
250 hour Wash
350 hour Wash
450 hour Weigh, wash, weigh
500 hour Weigh

At the end of the first fifty one-hour cycles of burner rig exposure,

none of the specimens showed signs of failure. They were removed from

the holder and weighed individually to determine the amount of deposit

accumulated. The results are shown schematically in Fig. 38 where it

is interesting to note that although the specimens were randomly located,

coatings of the same kind gathered very similar amouunts of deposit.

Thus, the amount of deposit was more a function of coating system than

of specimen location. It is also interesting to note that the duplex
a,510,/NiCrAlY cad the graded Zr0,:24.65 MgO/NiCrAlY coating systems
ined about two to three times more weight than that of the duplex

Zr02 *8Y,0 /NiCrAlY coating system. This may reflect the fact that the

former two coatings readily react with sulfur and oxygen from the

environment to form Mgso, and CaSOa as previously described. The possible
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Table 18

Summary of Water Washing Sensibility Test Conditions

Test No. Gas/Metal Temp. Fuel
(°c)
1C1 1150/800 GT No. 2 doped to 1 ppm Na,

50 ppm V, 2 ppm P, 0.5 ppm Ca,
2.0 ppm Fe, 150 ppm Fe

1C2 1150/800 GT No. 2 doped to 1 ppm Na,

20 ppm V, 2 ppm P, 0.5 ppm Ca,
2 ppm Fe, 66 Mg and 0.252 S
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reason for the greater weight za’ned by the graded Zr02-8Y203/N1CrA1Y
systems is that the former coa:ings experienced internal (NiCrAlY)
oxidation.

After weight gain determinations, the specimens were reassembled into
the specimen holder and placed in front of a metal duct encasing a spray
nozzle. Water washing was conducted using deionized water containing

5 ppm Na+K. The flow rate of the water spray was controlled at 0.5
gallon/minute, which represents the laboratory reduced scale version of
actual turbine washing procedures. After ten minutes of washing, the
specimens were dried with a hot air gun for ten minutes. It was
observed that most of the surface deposits were washed away during the
first two to three minutes. The specimens were again disassembled and
reweighed after three such washing and drying cycles. Since the
resulting weight measurements showed that some wash water was still
retained by several specimens, it was necessary to place the specimens
into an oven (150°C) for 1.5 hours to assure that they were dried
completely. The amount of deposits removed from each specimen is also
showr in Fig. 38. In the case of one G-Zr0)24.65 MgO/NiCrAlY specimen,
the removal was >100% which indicated coating material as well as
deposit removal.

The weight of deposit accumulation as a function of time was obtained by
combining the data obtained from both Tests 1Cl and 1B5 and 1is plotted

in Fig. 39. The G—Zr02’8Y203/N1CrAlY specimen was selected as an example
because this was the only coating system that did not suffer a spalling
failure in Test 1B5. The important information conveyed by Fig. 39 is
that although the initial deposit accumulation is proportional to
exposure time, it soon reaches a maximum value after about 150 one-hour
cycles. Subsequently, a kinetic equilibrium 1s established wherein the
deposition and presumably flaking rates are about equal to each other.

The result of Test 1Cl is shown in Fig. 40. For comparison purposes,

the results of Test 1B5 where water washing was not used are also shown.
The detailed test observations are listed in Table 19. It appears that
the water washing improved the durability of the G-Zr0,+24.65 MgO/N1iCrAlY
coatings most. A graded Zr02-8Y203/N1CrAlY specimen developed a small
chip at the top end after 450 cycles. Since this coating system did not
fail in the earlier 1B5 test, it is not certain whether the observed
chipping represents a detrimental influence of water washing or merely

an edge effect. Not shown in Fig. 40 13 the D—CaZSioalNiCrAlY specimen
which survived the test.

To determine the effect of retained water in the coatings after the
specimens were washed at the end of 450 cycles, only four specimens were
dried. The other four specimens were returned to thz burner rig soaked
with water. The result of this brief experiment was that retained water
from washing did not initiate failure of spacimens that were not previously
spallied or cracked. However, the two wet specimens that contained
previously chipped areas appeared to have spalled much more after 50 cycles.

73



""rb

Curve 721048-A

T T T T T T
140 - -121.7
120} ° H18.6
~
£ 1wl ° 11s.5
£
£ o 12,4 ~
§ ~
B ()
v GT No. 2 Deped To | ppm Na Z
£ ol 50ppm V, 2ppm P, 0.5 ppm Ca 4 6.2
= 2ppm Fe, 150 pom Mg
mL_ 4 3.1
1 | 1 ] ] ]
0 100 20 300 400 500 600
No. of 1-Hr Cycles
Figure 39 - Rate of deposit accumulation on G-Zr0; 8Y,04
specimens in a cyclic burner rig (Tests 1%1 & 1B5)

74



—a "

Curve 721050-A

2
E'.’::g- mr B %-58, Rnr- /\
32 400 - ;5400-

© b—
22 A0 > |5 (8 g2 = | £
S< a8 3 S ES woF & [ %
Ee e 2o s |8 8
=§ [~ c g 100 ﬂ
2— = e

S 0 [] =2 []

{Water Washed) (Not Washed)

Figure 40 - Effect of water washing on number of cycles to failure
(Tests 1C1 and 1B5)
Temperature: (1150°C gas/800°C metal)
Fuel: GT No. 2 doped to (ppm): 1-Na, 50-V, 2-P,
0.5-Ca, 2-Fe, 150-Mg

75

-



"

.v

Table 19

Test IC1 Summary*

Time Net
Specimen (1-hr Cycles) Cycles

No. Position 1In Out Completed Failure Description

ABl 3 0 500 500 Chipped at top end at
150 cycles

AB?2 8 0 150 150 Spalled at top end at
100 cycles

BBl 4 0 150 150 No Failure

BB2 6 0 500 500 Small ehip at top end
at 450 cycles

CBl 1 0 150 150 Chipped at bottom end
at 150 cycles

CB2 7 0 500 500 No Failure

SB1 2 0 500 500 " "

SB2 5 0 150 150 " "

AB3 8 151 500 350 Spalled at top and
bottom ends at 300 cycles

BB3 4 151 500 350 No Failure

CB3 1 151 500 350 " "

SB3 5 151 500 350 " "

AB - Duplex Zr0,°8Y;03 on U-720 alloy substrate
Graded 2r0,°8Y.0. on U-720
Graded Zx0

BB
CB
SB

2 273
2

alloy substrate

Temperature = 1150°C gas/B800"C metal

76

*24.65Mg0 on U-720 alloy substrate
Duplex CAZSiOa on U-720 sllov substrate

*Fuel = GT No. 2 doped tc 1 ppm Na, 50 ppm V, 2 ppm P, 0.5 ppu Ca,
2.0 ppm Fe, 150 ppm Mg



This suggests that the water washing of damaged specimens without drying
will lead to more pronounced spalling on further exposure to the hot
combustion gases.

Test 1C2 was a second water-washing sensitivity test using the same fuel
as that planned for pressurized passage tests (Task II); i.e., GT No. 2
fuel doped to contain 1 ppm Na, 20 ppm V, 2 ppm P, 0.5 ppm Ca, 2 ppm Fe,
66 ppm Mg and 0.25% S (Table 18). The main objective of running Test 1C2
was to obtain a comparison between tests conducted in the atmospheric
burner rig with those in the pressurized passage. Test 1C2 specimens
were washed at 150 to 200 hr. intervals. Fig. 41 shows the results of
Test 1C2. Detailed observations made during the test are listed in Table
20.

The D-Zr02-8Y203/NiCrAlY specimens chipped and spalled at the hot ends
after 150 one-hour cycles before the water washing was conducted.
Results obtained on the graded Zr0;¢24.65 MgO/NiCrAlY specimens were
mixed. Spalling occurred on two of three specimens after 150 test
cycles, whereas the remaining specimen survived 500 cycles without
failure. Compared to the failures observed in the 1B5 test where higher
vanadium/magnesium contents (50/150 ppm) were used, it is evident that
coating life increases with a decrease in vanadium/magnesium levels
contained in the fuel. Fig. 42 shows the post-test conditions of
representative spacimens from 1C2 test.

2.2.4.2 Post-Test Analysis

Detailed post-test analysis, which included X-ray diffraction, metallo-
graphic, scanning electron microscopic as well as electron microprobe
analysis, were conducted on representative specimens f om the water
washing sensitivity tests. Most of the results obtained were similar
to those described in section 2.2.3.2 for the fuel impurity sensitivity
tests.

X-ray diffraction analysis on post-test specimen revealed that the
surface deposits collected on most specimens evaluated in 1Cl and 1C2
tests contained MgO, MgSO, (or MgSO,-6H,0-hydrated after burner rig
erposure) as the major phases, and Mg4V,0g as the rinor phase. There

- wrc also local variations. For instance, Mg0 was usually found to be
«..2 major phase in X-ray samples collected from areas that were directly
facing the flame (highest temperature), while MgS0, was the major pnase
tfound on the backs and sides of the specimens (lower temperature).

These observations are consistent with the fact that in the chemical
equilibrium,

MgO + SO3 & MgSO,
the formation of MgSO, is thermodynamically more favorable at lower

temperatures. The effect of water washing was primary to remove these
deposits, which in some cases could affect the performance of the

17



y;‘\’

Table 20

Test IC2 Summary *

Time
(1-Hr cycles) Net
Specimen Cycles

No. Position In Out Completed Failure Description

ABl 2 0 150 150 Spalled at top end after
150 cycles

AB2 5 0 500 500 Cracked at top after 500
cycles

BBl 1 0 150 150 No failure

BB2 8 0 500 500 No failure

CBl 4 0 150 150 Chipped at top after 150
cycles

CB2 ? 0 500 500 No failure

svl 3 0 500 500 No failure

1A23 6 0 500 500 Chipped at top end after
256 cycles

AB3 4 151 500 350 Chipped at top end after
150 .net cycles

BB3 2 151 500 350 No failure

CB3 1 151 500 350 Chipped at top end after

150 net cycles

AB - Duplex Zr0. 8Y.0., on U-720 alloy substrate

2 273
BB - Graded 2r02-8Y203 on U-720 alloy substrate
CB - Graded ZrOZ‘ZA.QSHgo on U-720 alloy substrate

SV - Duplex C12510a on ECY-768 alloy subitrate
1A23 - NASA spray duplex 2:02'8‘1203 on U-720 alloy substrate

—

%
Fuel = GT Nc. 2 doped to 1 ppm Na, 20 npm V, 2 ppm P, 0.5 ppm Ca, 2 ppm Fe,
66 ppm Mg and 0.25% S.

Temperature ® 1]150°C gas/800°C metal
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coatings.

An important observation from the X-ray analysis was that unlike the
results obtained on the higher vanadium tested (1Cl) specimens, the 1C2
tested specimens showed no significant ‘"hange in the ratio of monoclinic
2r0,(Y504) to tetragonal/cubic 2r0,5(Y,04); 1.e., little or no yttrium
leaching had occurred. This may be the primary reason for the better
coating performance in the 1C2 test.

X-ray analysis on D-Ca25104/NiCrAlY specimens showed MgSC, (or MgS0,* 6H,.0)
and CaS04 as major phases and Mz3V20g, MgO as minor phases. There was

also evidence of an amorphous phase which is likely silica or a silica-
rich phase. Electron microprobe scans of thes¢ D-CapS10,4/NiCrAlY specimens
showed conclusively that sulfur has penetrated deeply into the coating
interior (Fig. 43).

Of the three graded Zr(2-24.65 Mg0O specimens tested in 1C2 test, it was
mentioned earlier that two failed after 150 cycles while the third
survived 500 cycles without spalling. However a metallographic
examination of the survivor (Fig. 44) clearly revealed that large
cracks developed inside the coating. It was also evident from micro-
structure examinations that internal oxidation ot the NiCrAlY particles
within the graded zo., had occurred.

2.3 TASK II -~ HIGH PRESSURE EFFECTS
2.3.1 Test Faciliry

For pressurized passage testing, a rig capable of operating at pressures
up to twelve atmospheres was used (Fig. 45).

The test section consisted of six 1.27 cm diameter test specimens

mounted in ai. electrically actuated traveler assembly (Fig. 46). The
actuator could be operated manually or on an automatic timing cycle.

The specimens were mounted horizontally in two rcws. The top to bottom
spucing were staggered to limit wake effects in the gas stream approaching
the back row.

The test section flow passage was 10.7 cm high and 4.8 cm wide. Five
3.18 mm diameter thermocouples were located In the gas stream immediately
upstream of the test section. These thermocouples were used to measure
the combustion gas temr :rauture. Two thermocouples were mounted in the
wall of each test specimen to measure the metal temperature during
operation. These therwocouples were located approximately €.25 mm from
the passage wall.
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The test specimens were cooled by internal air flow. Individual cooling
air tubes permitted the specimen metal temperatures to be adjusted
externally during test passage wperation. The rig allowed a2 maximum
temperature diffevence of 280°C between the combustion gas temperature
and the tes: specimen maximum metal temperature. Under normal conditions,
the maximum metal temperature for all six test specimens were maintained
within + 11°C during steady state operation.

Combustion was achieved using a cut-down version of the Westinghouse
1/4 scale B-4 combustor and fuel nozzle used successfully on other test
programs. Ignition was achlieved using a propane ignitor. A fireye
infra~red flame detection system was used as a safe.y interlock on the
fuel system.

70 400 gallon day tanks were used to supply fuel for passage operation.
The tanks were operated independently and isolated from the fuel system
to permit refilling with #2 fuel oil and the mixing of fuel additives
without shutting down the passage.

In order to increase the speed and accuracy of data recoruing and
retrieval, the test passage jnstrumentation was tied into the Test and
Development DEC PDP-11 computer data acquisition system to digitize and
record test temperature data on magnetic tape. All passage data

channels were read sequentially in less than a second. The normal inter-
vals between scans for the tests were 15 seconds. Longer or shorter
intervals may be specified. To obtain a better definition of the

thermal shock, which occurs during traveler insertion and retraction,

two second intervals were used during several heat up and cool down
cycles.

Two different levels of thermal cycling were used. The first consisted
of inserting the specimen traveler assembly directly into the gas stream
held at 1066°C and keeping the metal temperature at 800°C for a total
exposure time of 55 minutes. The specimens were then extracted and
allowed to cool to 90-150°C for five minutes before they were reinserted
into the gas stream. The thermal transient experienced by specimens
during this operation was far more severe than the normal start-up and
shut-down transients expected for turbine blades in an cperating utility
gas turbine.

The second level of thermal transient conditions was more realiscic.

It involved air/fuel flow and temperature ramps to closely simulate the
normal start-up and shut-down transients expected in actual gas turbines.
Each cycle consisted of a 30 minute heating up and 20 minute cooling

down period. The time at steady-statec with specimen temperature at 800°C
was 40 minutes. The operating procedure was essentially divided into

the following seven steps:
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(1) Insert specimen into gas stream which was held at 593°C
(1100°F) and 2 1b/sec air flow.

(2) Maintaining 593°C (11N0°F) passage temperature, increase
air flow from 2 lb/sec to 4 lb/sec gradually over a
5-minute period.

(3) Increase passage temperature from 593°C (1100°F) to v1066°C
(1950°F) at an approximate rate of 20°C/minute over a
25-minute period by increasing fuel flow.

(4) Maintain steady state for 40 minutes. Adjust passage
temperature and specimen cooling air as required to maintain
all specimens at 800°C (1475°F).

(8) Decrease passage temperature from 1066°C (1950°F) to 893°C
(1100°F) at an approximate rate of 31°C/min over a period
of 15 minutes by decreasing fuel flow.

(6) Maintain 1066°C (1100°F), reduce air flow from 4 1lb/sec to
2 1b/sec gradually over a 5-minute period.

(7) Retract specimens and let cool to 90-150°C (200-300°F) in
antechamber for 5 minutes before again inserting into gas
stream,

Figure 47 shows the schematic representation of the thermal cycles used
in the pressurized passage tests. The calculated heat flux history for
the pressurized passage test specimens are shown in Fig. 48 (dotted
line - convection and radiation heat transfer modes are cousidered;
dash line - only convection is considered). For comparison purposes,
the heat flux history for the actual W501D row 1 turbine blades is also
included (solid lines in Fig. 48). Under similar conditions, the heaE
flux of the Sest specimens and row 1 turbine biades were 400-433 KW/M
and 320 KW/M¢, respectively. The ramp rate was reasonably similar for
both, hence the test profile was conservative; i.e., it was at least
25% more severe than that of the actual turbines.

Due to the physical constraints of the testing passage, direct measure-
ment of specimen coating surface temperatures was impossible. Therefore,
they were calculated from heat transfer data instead. An iterative
procedure using Newton's method showed that under the testing

conditions of 1066°C gas temperature (actual temperature varied between
980-1090°C) and 800°C metal temperature, the coating surface temperature
was about 870-925°C.
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2.3.2 Test Results

All pressurized passage tests were conducted at the nominal steady-state
condition of 135 psig, 1066°C gas temperature and 800°C metal temperature.
The gas velocity was 130 M/sec, which was almost 40 times faster than

than in the burner rig but very similar to those found in an actual
utility gas turbine. Table 21 lists the comparison of pertinent
conditions used in the burner rig and pressurized passage tests. Those
found in the commercial W501D turbine are also listed for reference.

As in atmospheric burner rigs, both clean fuel and jmpurity-doped fuel
sensitivity tests were conducted. Clean fuel tests were conducted using
GT No. 2 fuel. Impurity-doped fuel tests were conducted using GT No. 2
fuel doped to 1 ppm Na, 20 ppm V, 2 ppm P, 0.5 ppm Ca, 2 ppm Fe, 66 ppm
Mg and 0.25% S (Table 22). This was the same fuel used for Test 1C2 of
the atmospheric burner rig tests. Six specimens which included two each
of duplex Zr02-8Y203, graded Zr02-8Y203 and duplex Ca,Si0, were evaluated
in each test., After 20 cycles, the specimens were extractec for examiu-
ation. Due to the high operating cost, all the pressurized passage tests
were terminated after 50 cycles.

Results of pressurized passage tests are shown in Figures 49(a-b).
Regardless of which thermal cycle was used, all three coating systems
tested in the undoped GT No. 2 fuel passed the 50 cycles without failure.
However, in the contaminated fuel test, they all encountered gross
coating spaliing after testing for less than 20 cycles.

Besides clean and doped No. 2 fuel tests, a test using a coal-derived

fuel was also conducted. Synfuels such as those derived from coal are
projected by some to be the major available fuels for combusticn turbines
in the future. Although many of these fuels appear to contain low to
insignificant quantities of corrodants such as vanadium, other elemental
impurities such as Na, K, P, Fe, S and Cl are often present in significant
quantities. The main objective of running this test was to determine

the effects of these elemental impurities on the durability of thermal
barrier coatings and thus extending our test data base on ceramic coatings
to synfuels.

The fuel used in test II-4 was SRC-2 (2.9 middle distillate/l heavy
distillate) that had the following analyzed elemental impurities:

Ca - 1.5 ppm, V ~ (.43 ppm, Na - 2 ppm, Pb - 2.7 ppm, TL{ - 0.66 ppm,

Fe - 17.7 ppm and K - 1.3 ppm. This fuel also contained 0.0094 wt X ash.
The test was concluded after 20 cycles for which all six specimens
survived without failure. They were covered with a reddish brown deposit,
which was later identified to be iron oxide (Fe,03). Post-test measure-
ments revealed that the deposition rate ranged from 0.08 to 0.3 mg/cmz/hr.
It was also found that coating thickness changes were negligible,
indicating that within the test period erosion was not a problem. This
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Table 21

COMPARISON OF TESTING CONDITIONS IN BURNER RIG AND PRESSURIZED PASSAGE

Burner Rig

Pressurized
Passage
(135 psig)

W501D
(170 psig)

Gas
Temp
(°c)

1150

1066

1066

Metal
Temp
(°c)

800

800

843

Pgo

Po, (At3)

(Atm)  (0.24% S)
0.11 1.23x 107
1.48  4.16x1077
1.66 6.53x1073
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Gas
Velocity Btu/Hr-Ft?
(M/Sec)  (KW/M2)
3.7 (158)
130 (400)
153 (320)



Table 22

SUMMARY OF HIGH PRYF'SSURE EFFECT TESTS

(135 psig)
Test No. Gas/Metal Fuel
Temp. (°C)
1I-1 1066/800 GT No. 2 doped to 1 ppm Na,

20 ppm V, 2 ppm P, 0.5 ppm Ca,
2 ppm Fe, 66 ppm Mg

I1-2 1066/800 Ditto
IT1-3B* 1066/800 Ditto
I1-2 1066/800 GT No. 2
II-3% 1066/800 GT No. 2
II-4% 1066/800 SRC-2

*Thermal cycle involved air/fuel flow and temperature ramps
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Temperature: 1066°C gas/800°C metal
Pressure: 135 psig

(a) Tests II-2, II-3
(b) Tests II-1, I1I-1B, II-3B
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preliminary test was very encouraging since the coating systems tested
with the SRC-2 fuel did not encounter either erosion or corrosion
problems. However, the long term durability of the coatings with coal
derived fuel has yet to be demonstrated.

The post test conditions of specimens tested in the pressurized passage
are shown in Figs. 50-52.

Comparison between pressurized passage and atmospheric burner rig tests
conducted using the same fuel (Figure 41 vs. Figure 49) clearly
illustrates the greater severity of the pressurized passage test. Due

to the higher total pressure, the impurity elements have a much higher
partial presaure in the pressurized passage and like’y accounts for the
accelerated initiation of failures. Indeed, by using higher dopant
levels, the failure times observed in atmospheric burner rig Test IBX
(Figure 20) approached those observed in the pressurized passage

test (Figure 49). Figure 53 shows the post-test conditions of two

graded Zr0 8Y20 specimens. It can be seen that the specimen tested

for only 28 cycles in the pressurized passage has suffered more extensive
damage than the one tested for 350 cycles in the burner rig using a fuel
with 9X dopant concentrations. The difference can be attributed to the
higher gas velocity, mass flow rate, and thermal stress condition chat
existed in the pressurized tests. These factors are important in
imparting damage once failures initiate due tc reactions with the condén-
sate. In the clean fuel test failure did not initiate and hence extensive
coat ing damage did not occur.

2.3.3 Post-test Analysis

Detailed post-test analyses ou the pressurized test specimens showed in
general that their chemical behavior towards the combustion gases was
qualitatively similar to that observed in the burner rig tests.

X-ray diffraction analysis showed that the deposits formed in the
impurity-doped fuel, pressurized passage tes. were Mg0, MgSOQ,

(MgS0,*6H,0 ) and Mg;V,0 These were very similar to those formed in
the atmospheric burner r?g tests using the vanadium-magnesium doped fuels.
A significant difference was that the deposits formed in the pressurized
passage were more massive and more dense.

Metallographic cross-sections of post-test specimens were also examined.
Figure 54 shows the front and back cross-sect:uwns of a [-2r0,°8Y,C4
specimen. It can be seen that while gross spalling occurred at the
front of the specimen, the back of the specimen did not spall a’though
it showed some cracking. Similar failure patterns were observed in the
outer non-graded zone of the G-Zr0, +8Y,0, specimens (Fig. 55). Thus, it
is interesting to note that for the C-iraz *8Y,03 specimen, cracking and
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Fig. 53 - Post-test conditions of G—Zr02-8Y203/N1CrAlY
specimens from

(a) pressurized passage test II-38, 20 cycles
(b) burner rig test 1BX, 350 cycles
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eventual spalling occurred at or near the oxide/graded zone interface,

and as a result, a protective graded zone is left adhering to the specimen.
This is very similar to the failure encountered by graded coatings in

the high vanadium atmospheric burner rig test described previously.

X-ray analysis of ZrOZ-YZO? specimens exposed to the impurity-doped test
showed that the fraction of monoclinic Zr0,(Y,05) has significanrly
increased. At some coating locations just beneath the deposits, the
monoclinic Zr0y(Y,04) fraction increased from the original 15-20% to
almost 502. This suggested that the Zr0,+8Y,03 coating degradation
mechanism in the pressurized passage test was similar to that proposed
for the high vanadium atmospheric burner rig test, i.e., destabilization
of Zr02(Y203) caused by the reaction with combustion condensates.

Metallographic examination of the D-Ca,;Si0, specimens was very interesting.
A reaction layer formed on the coating surface below the combustion
deposits (Fig. 56). EMP analysis on this specimen suggested that the
reaction layer was a calcium-magnesium vanadate formed by the reaction
between Cap510, and the vanadium containing deposits (Fig. 57).

Post-test analysis was also conducted on clean fuel-tested specimens.
The metallographic cross-sections of the D—Zr02-8Y203/NiCrAlY,
G—Zr02-8Y20 /NiCrAlY and D—CazsiOAINicrAlY specimens are shown in Figs.
58-60. Measurements using a calibrated filar eye piece showed no
noticeable coating thickness change after the test, indicating that
there was no significant erosion problem associasted with the high
velocity pressurized passage test. It should however be cautioned that
the testing time was only 50 cycles.

As may be seen in Figure 59, the G~ZrO.-8Y,0./NiCrAlY specimen did not
exhibit destructive internal oxidation73ul¥i ation after being tested
for 50 cycles under the high Pgoj and Pgp, conditions that existed in
the pressurized passage (Table 21). Howéver, the coating behavior for
longer term exposures remains to be studied.

The CaZSioalNiCrAlY specimen that performed very well in previous
atmospheric burner rig tests also survived the 50 cycle clean fuel test
without spalling. However, a series of small cracks (both radial and
circumferential) developed in the coating (Figure 60). Electron micro-
probe analysis showed also that significant sulfur concentrations
penetrated into the coating (Figure 61). Since this sulfur is not
associated with the calcium, it is cleesr that CaSO, formed according to
the following reaction:

(250, + 07)

It thus appears that even in the relatively clean GT No. 2 fuel combustion
environments, Ca;510, is chemically reactive.
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Fig. 57 - EMP scans on specimen 386 (D-Ca,Si0,) 20 cycles, Test II-3B
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Fig. 58 - D—Zr02-8Y203, 50 cycles, Test II-3 (50X)
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2.4 TASK III - ENDURANCE TEST
2.4.1 Test Facility

The 4000 hr. endurance test was conducted in an atmospheric burner rig.
The test equipment and procedure were the same as those described in
Task 1, section 2.2.1.

2.4.2 Test Conditions and Resuits

Four coating systems were selected for the 4000 cycle endurance test:
D-Zr0,°8Y,0 /NiCrAlY, G-ZrO -8Y203/NiCrAlY, D-Ca,S10 /N1C:AlY and Linde
sprayed NiCrAlY (5 mil). e gas temperature ’as 1150°C and the metal
temperature was 800°C with the exception of the NiCrAlY coated specimens
which were tested at 857°C. The fuel used was undoped GT No. 2 fuel.
The test plan was to start with two specimens for each coating system.
After 1500 one-hour cycles, one specimen fo. each coating system would
be extracted and a new one then inserted so that on the completion of
4000 cycles, specimens that had been exposed for 1500, 2500 and 4000
one-hour cycles would be available for evaluation and anaiysis. However,
for scheduling convenience the specimen change planned at the 1500

cycle was chauged to 1428 cycles.

The post-test conditions of the four specimens extracted after 1428
cycles are shown in Fig. 62. It should be noted that the chip at the
bottom of the D-Zr0,+8Y,03/NiCrAlY specimen was not test-related i.e.,
this specimen was mechanically damaged at the beginning of the test.

It may be seen that the G-2r0,-8Y,04 specimen also shows some damage;
viz. a circumferential chip developed at the top of the specimen. This
apparently resulted from the deirimental internal oxidation of NiCrAly
particles in the graded zone. The D-Ca,S10, specimen exhibited signs

of surface micro-chipping at the hot end. This is attributed to flaking
of CaS0, formed from the attack of S0y gas on Cay5i0,.

During the 2200th cycle, a compressor failure occurred and the loss of
cooling air caused a serious metal temperature .xcursion. During a
period of 15 to 45 minutes, most of the specimens experienced metal
temperatures as high as 1177°C. The two graded 2r0;-8Y,04/NiCrAlY
specimens spalled extensively, but the duplex specimens showed no
apparent failure. This accidental occurrence clearly demonstrated that
the duplex specimens can tolerate temperature excursions better than
the graded ones. Another graded Zr02°8Y20 /NiCrAlY specimen was apparently
not subjected to as high a temperature excursion since it survived the
accident. Several -epresentative specimens that were extr.cted after
the temperature excursion are shown in Fig. 63. The test was restarted
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after replacing these accidentally damaged specimens. As a result of
this temperature excursion incident, the maximum exposure time for the
normally tested specimens was reduced to 3228 one-hour cycles instead
of the planned 4000 cycles. The results of the endurance test in terms
of minimum number of cycles to cause a spalling fallure are shown in
Fig. 64.

Detailed test descriptions both before and after the accidental temper-
ature excursion are listed in Tables 23 and 24, Note that some of the
specimens had been previously exposed for 1428 cycles. They were
inserted into the test to replace those damaged by the accidental
temperature excursion. 123 cycles after the test was restarted Specimen
A (D—Zr02-8Y203/NiCrA1Y. 2323 net cycles) developed a long crack at the
back face, bottom location. This presumably was the result of the
earlier temperature excursion. This same specimen later exhibited massive
spalling on further thermal cycling (Fig. 65). However, the other
D-Zr0,+8Y,03/NiCrAlY specimen (Al), which was not subjected to the
temperature excursion, showed no signs of faillure after a total exposure
time of 3228 one-hour cycles. This indicates that the failure of
specimen A-2 was indeed premature (Fig. 65).

It was mentioned earlier that specimen Al (D-Zr0,+8Y,03/NiCrAlY) had
suffered a mechanical chip at its bottom backface at the beginning of
the test. However, after a total exposure time of 3228 one-hr cycles,
this chip did not enlarge. Fig. 66 shows the condition and stability
of this mechanical chip after varilous periods of exposure.

Specimen Bl (G-2r0,°8Y,04/NiCrAlY) that had previously developed a
circumferential chip at its top end during the first 1428 cycles of
exposure, spalled at that location after being tested for an additional
806 cycles. At the same time the other G—Z.02-8Y203/N1CrAlY specimen
(B5), developed circumferentail chipping at 1its top edge after 806 cycles
of exposure. This result indicates that internal oxidation of the
NiCrAlY particles used in the graded zone was the life determining
factor and hence a more oxidation-resistant MCrAlY is needed for the
graded coatings. Fig. 67 shows the development sequence of the circum-
ferential chips on graded Zr02-8Y203/NiCrAlY specimens after various
periods of exposure.

The two D—CaZSiOAINiCrAlY specimens showed no signs of catastrophic
failure. However, surface microchipping was evident ~ (Fig. 68). This
again was due to the formation of the friable CaSO,.

The condition of the NiCrAlY coated specimens 1s shown in Fig. 69. Some
signs of oxidation are evident.
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Endurance Test Summary* (Before Temperature Excursion)

Time Net
Specimen (1-Hr Cycles) Cycles

No. Position In Out Completed Failure Nescription
Al 4 0 1428 1428 Mechanical chip at bottom
A2 6 0 - 2199 No failure

Bl 1 0 1428 1428 Small chip at top

B2 8 0 - 2199 Large spall at top

after 2055 cycles

sl 2 0 - 2199 No failure

S2 5 0 1428 1428 No failure

N1 3 0 1428 1428 No failure

N2 7 0 - 2199 No failure

Al | 4 1429 - 771 No failure

B3 1 1429 - m Small chip at top

S3 5 1429 2009 580 Mech. chip when put in

top spalled after 580 cycles

N3 3 1429 2009 580 No failure

B4 3 2010 - 189 No failure

S4 5 2010 - 189 No failure

A - D~Zr0,°8Y,04

B - G-Zr07°8Y,05

§ - D-CajS1q,

N - NiCrAlY (5 mil)

#*Fuel = GT No. 2
Temperature = 1150°C gas/800°C metal except for N1, N2 and N3 (857°C)
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Table 24

Endurance Test* Sum=mary (after texperature excursion)

Specirzen

Nunber Position
AlR* 2
A:*it 5
Blx* 4
BS 6
Sli** 1
S2hn 8
Nlw# 3
xziﬁﬁ 7
A - D-4r02'8Y203

B -~ G~Zr02°8Y203

S - D—C125104

N - NiCralY (S Mil)

*Fuel = GT No. 2

Tine
(1-Hour Cycles)
In Out
0 1800
0 1800
0 1800
0 1800
0 1800
0 1800
0 1800
0 1800

Net

Cycles
Completed
1428 + 1800

2200 + 1800

1428 + 1800

1800

2200 + 1800
1428 + 1800
1428 + 1800

2200 + 1800

Failure Description

No Fajilure

Cracked at bottor
after 2323 cycles
then developed into
large spalling

Spalled at top after
2334 cycles

Circumferentia’ chip
at top after 806
cycles

Surface microchipping

No Failure

o "

Texperature = 1150°C gas/800°C metal except for N1 and N2 (857°C)

**previously exp.sed for 1428 cycles

*#% Praviously subjected to accidental texperature excursion at the 2200th cycle
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2.4.3 Post-Test Analysis

Detailed post-test analysis of the endurance tested specimens which
included metallographic and electron microprobe analysis were conducted.

The metallographic cross-sections of two D—Zr02°8Y203/N1CrA1Y specimens
are shown in Fig. 70. Specimens A2 (4000 cycles), the one that had
encountered the accidental temperature excursion, exhibits extensive
coating damage. The other normally tested specimen (Al), however, shows
excellent coating integrity after a total exposure of 3228 orne-hour
cycles. EMP scans on these two specimens (Figs. 71, 72) reveal that
specimen A2 did not actually encounter excessive oxidation of its
NiCrAlY bond coat. In fact, both specimens show very similar behavior.
An aluminum and oxygen rich layer (likely Al;03) was formed on the
surface of the NiCrAlY bond coat. Thus, the accelerated failure of
specimen A-1 is apparently due to a more severe thermal stress conditlon
brought about by the accidental temperature excursion rather than the
oxidation of the NiCrAlY bond coat.

Figure 73 shows the metallographic cross-section of specimen

B4 (G-Zr03+8Y203/NiCrAlY) that also encountered the accidental temperature
excursion. Although this specimen was only exposed for 189 one-hour
cycles, it experienced extensive oxidation at both its graded zone and
bond coat. It also appears that the metal substrate was oxidized as
well.

A G-Zr0,p- 8Y203/NiCrA1Y specimen that was not subjected to the accidental
temperature excursion also showed signs of oxidation. This may be seen
in Fig. 74 where most of the NiCrAlY particles have been depleted in the
graded zone. EMP scans of this specimen showed further that a large
portion of the oxygen cou entration was associated with the formation of
Al703, N10 or C103 (Fig. 75); i.e., oxidation products of NiCrAlY.

Metallographic cross-sections of the D-Ca;510, specimens are again very
interesting (Fig. 76). Irrespective of whether the specimen was exposed
to the accidental temperature excursion or not, a surface reaction layer
was formed. EMP scans revealed that this surface reaction layer was
rich in sulfur (Figs. 77 and 78), and hence a CaSO, layer formed by the
reaction of CajSi0, with the S0,/S04 gas contained in the combustion
environment. This also explains why surface microchipping was observed
during the test. It is also interesting to note from Fig. 77 that a
ternary compound may have formed below the CaSU, layer. Hewever, the
exact composition of this termary compound was not determined.

These observations of CaSO, and/or ternary compound formation clearly
reveal the fact that although the Ca;S510, spccimens performed very well
during the endurance test, there is definitely a potential chemical
stability problem on long term exposures that may affect its performance.
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The NiCrAlY coated specimens were also examined. Besides being slightly
oxidized, void formation was evident on both specimens N1 aad N2

(Fig. 79). This is especially pronounced on specimen N2 that was
subjected accidentally to a higher metal temperature.

3. COATING DEGRADATION MECHANISMS

3.1 Clean Fuel Conditions

The burner rig test results (Task I) and discussion given in previous

. sections showed clearly that with a few exceptions, the present day

thermal barrier coatings selected for this study perform very well in
relatively clean burning combustion atmospheres such as represented by

GT No. 2 fuel. A major constraint for these coatings in clean fuel
operation was the oxidation temperature limitation of the NiCrAlY used
for the bond coat and grading of the oxide coatings. This temperature
limitation appears to be less than 850°C for graded coatings but greater
than 900°C for duplex coatings. The NiCrAlY particles in the graded
coatings are more susceptible to oxidation because of the large surface
area available for reaction. The NiCrAlY base coats, on the other hand,
used for both the duplex and graded coatings sustain much higher
tempevatures providing that they are dense. High density plasmu sprayed
bond ccats can be achieved either by post-spray heat treatment as is done
by the Linde Co. or by modifying the plasma spray process itself, e.g.,
low pressur= plasma spray. Recent work at NASA Lewis has shown the effects
of plasma spray parameters on two layer thermal barrier coating system
life (Ref. 33).

The Task III endurance test served to confirm the findings discussed
above. 1n this test the graded coatings were subjected to extensive
NiCrAlY oxidation within the graded zone after extended periods even

at the 1150°C gas/800°C metal test condition. The graded zone of course
is somewhat higher in temperature than the 800°C substrate temperature.
The dense NiCrAlY bond coats that were nearly as cool as the alloy
substrates (800°C) showed only a slightly oxidized surface layer. This
thin oxide layer (primarily Al,03) was not detrimental to the duplex
coating system life at least within the 3228 hours of cyclic test
exposures.

Although limited in scope, the clean fuel pressurized passage tests
(Task II) provided very encouraging results. The ability of both the
duplex and graded coatings to survive not only many cycles of simulated
normal shutdown operation but also many cvcles of the very severe
conditions of emergency shutdown, l.e., instantaneous shutdown from the
operating temperature, was indeed a very positive result. The heat
fluxes, which determine thermai stress, generated in the pressurized
passage tests were comparable tu or greater than those known to develop
in actual commercial industrial turbines.
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3.2 Contaminated Fuel Conditions

In contrast to the excellent performance of the thermal barrier coating
systems in clean fuel, their performance in contaminated fuels was
clearly inadequate. The vanadium impurity which is present in residual
fuels was particularly detrimental to the oxide coatings. Accelerated
failures occurred with increasing vanadium content even when the other
contaminants including the Mg/V ratio remained constant as in tests

1B4, 1B5 and 1C2. The relationship between fuel vanadium content and
coating failure time for the duplex Zr0,+8Y,03/NiCrAlY coating system is
clearly illustrated in Fig. 80.

The mechanism of vanadium attack that leads to coating failures, Zr02(Y203)
coatings in particular, was examined. Previous work (Ref. 34-36) has
suggested that molten vanadates such as V05 and Na,;V,0¢ caused the
leaching of Y50 stabilizer from the tetragonal/cubic Zroz(Y203) to form
monoclinic ZrOZ?Y203) according to equations such as:

Zr0y+a Y- * x V05 (2) + Zr0, (a-x) Y,05 + 2xYVO,
(Te' Lagonal/cubic) (monoclinic)

The postulated effect of this attack is a disruptive volume change of
about 5% when the martensitic tetragonal monoclinic transformation occurs,
and hence eventual coating failure. However, in the present burner rig
tests, the possibility of the vanadium existing as vanadium oxide can be
rvled out from Lay's MgO-V205-803 phase study (Ref. 37) which showed

that the condensstion of Vy0q in the presence of MgO and 503 is favored
only by low ceaperature and high 505 partial pressures. For example

the Pgy, required for the condensation of V,0g and temperatures >760°C

is 1 x i0‘3 atm. This 1s at least two orders of magnitude higher than

the PSO3 developed in the burner rig used for testing.

The form. icn of the Na,V,04 phase has been determined to be thermo-
dynamically possible. Since NajVy0¢ is very soluble in water, a
chemical analysis for vanadium was conducted on a selected specimen by
first dissolving the soluble constituents of the deposits in water.
The insignificant amount of vanadium found suggested that NajV,0q
formation was unlikely.

EMP scans for this same specimen (Fig. 81) confirmed that there was no
deep penetrating liquid vanadium salt. In fact all the vanadium
concentrations were found close to the coating surface; yet destabili-~
zation of tetragonal/cubic 2r03(Y203) was still observed. Based on this
information, the authors postulate that the destabilization process is
basically induced by the reaction of Zr03(Y203) with solid vanadate
condensates or gaseous vanadium oxides such as V05 (gas). It is also
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interesting to note from Fig. &1 that the major concentration of

vanadium is not as-cociated with magnesium. Instead, it is located rather
evenly inside the bulk of the Zr0;(Y,04) top layer. Since the V, Y, Zr
concentrations seem to overlap with one another, it 1is possible that
besides YVOA, a ternar ZrOz-Y203-V205 solid solution has also been
formed. Further experiments are needed to confirm these reaction details.

Since X-ray anaiysis results indicated that most of the destabilization
occurred at regions near the surface of the coatings, the likely
degradation mechanism of Zr0,(Y,04) coatings in vanadium contaminated
environments can be describ:d in the following steps: (1) gaseous or

,solid vanadium compounds react with the Zr0,(Y,0,) coating to leach out
X,

Y,03 stabilizer and lead to monoclinic Zr0,(Y formation at the
coating surface; (2) with sufficient monoclinic ZrO (Y,0 ) formed, cracks
are initiated at the coating surface when the monoclinic ZrOz(YZO =)
undergoes phase transformation on thermal cycling; (3) these surface
cracks propagate and branch into the coating interior and eventually

lead to coating spalling.

The deep penetration of Na,S0,-MgSO, molten salts into the porous oxide
coating has also been shown to be very detrimental to coating performance.
Molten Na,S0, condensate can lead to coating failure through several
possible mechanisms.

Palko (Ref. 35) et.al. showed from atmospheric burner rig tests that
molten sodium sulfate can penetrate the porous oxide and react with the
underlying bond coat at 870°C to cause spalling. Barkalow and Pettit
(Ref. 38) suggested from furnace corrosion tests that hot corrosion
occurs by acidic dissvlution of Y,03 from stabilized Zr0,*Y,Cq according
to a reaction of the form:

Y,05 (in Zr0,) + 3504 (in Na,S0,) + 2Y3* (in Na,S0,)
+ 350,2" (1n Na,50,)

The solidified salt on cooling in this case is a hydrated sodium-yttrium
sulfate [Na,Yz(SO ), 2H O] This reaction was significant at the rela-
tively low temperature of 700°C and high Pggp, pressure of 7 x 10~% atm.
As shown in this work and earlier by Bratton“and Singhal, (Ref. 5) the
salt resctions lead to destabilization of the stabilized Zr0)*Y,0;,
coaiing -- an affect that seems important in the failure mode.

However, in the present study, it {s clear from the EMP scans shown in
Figures 25-27 that the Na,S0,-MgS0O, phases are located in the pores and
crevices of the oxide coating with no correspondence found between Na

and Y or Zr indicating that there is no significant chemical reaction
betweeii the molten salt and the coating. Also, since hot corrosion of
the bond coat is not always observed when coatings fail, it seems

that the failure mode is mechanical in nature. A very possible mechanism
is that on thermal cycling the stress generated by the thermal expansion
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mismatch between the ZrOz(Y203) coating and the entrapped solidified

salt condensate causes the coating to crack and spall. 1Ind.ed simplified
stress calculations based on thermal expansion differences between the
condensed melt and oxide coating have indicated that the stress developed
during thermal cycling can easily be an order of magnitude higher than
the tensile strength of the ceramic coating.

Another possible mechanism is coating densification, at least locally,
in the presence of molten Naj;S0, ~hat would result in the reduction of
coating thermal stress resistance.

* Since solid deposits usually accumulate on the coating surface and cannot

penetrate deep into the coating interim, it is clear that Na,80, can
induce coating failure only when it is condensed in the molten éorm.

This conclusion is also consistent with experimental observations at NASA
Lewis. Using thermochemical caiculations of condensate dew points and
melting points combined with temperature profiles of test specimens,
Miller (Ref. 39) was able to qualitatively explain observed coating
failures at NASA.

Figure 82 illustrates several relationships between thermodynamic
properties of the salts and the nature of the salt deposit. Thus
depending on the reiative magnitudes of the salt dew point, melting
point and the coating temperature, the physical form of the condensates
may vary. While solid or no condensation is preferred, the most severe
condition for a porous plasma sprayed ceramic coating i when the dew
point of the condensate is above the surface temperature of the ceramic

and the melting point of the condensate is below the bond coat temperature.

Reactions with S0,/S07 gas may also adversely affect the integrity of
certain coatings. It was demonstrated that both Zr0,¢24.65 MgO and
Ca,51C, coatings are susceptible to S0,/S0, gas attack. {n fact thermo-
dynamic calculations show that at 900° (tge coating surface temperature),
the reactic:

Ca,510, + 2504 (g) + 2Caso, + 510,
is thermodynamically possible at Pgg, > 6 x 106 atm. This is one to

two orders of magnitude lower than tge Pgo, levels normally found in
utility gas turbines (1072 to 10'“ atm) bugning fuels containing 0.1 to

1 wt X sulfur. Thus, even when relatively clean fuels such as GT No. 2
fuel (typically contains 0.25 wt 1 §) are vsed, reaction between 50, gas
and a CapSi0, caoting may still occur. This as well as the observations
that CajSi0, may also be reactive to combustion condensates such as MgSO,
and Mg3Vy0g, indicates that Ca3Si04 coating may not process adequate
chemical stabjlity for long term exposure.
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3.3 Coal Derived Fuel Conditions

The SRC-2 fuel test was conducted for too short a time to determine
conclusively if a chemical reactivity problem exists. However, since
the coatings survived a pressurized test with this fuel throughout a
test period when chemical induced failures usually occurred, the thermal
barrier coatings are considered excellent candidates for further study
in terms of turbines burning coal derived liquid fuels.
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IV,  CONCLUSIONS

Present-day thermal barrier coatings are viable candlidates for
utility turbines burning relatively clean fuel such as GT No. 2,
(ASTM-2D) hut coating improvements arce needed for turbines burning
lower grade fuel such as rvesidual oil.

The duplex Zroype8Y,03/NLCrAlY coating §s rvanked highest for clean
fuel turbine ovperation with the duplex (a,SiOQ/Ni(rAl\ ranked second.
The present graded Zrope8Y 0 3/NICrAlY type coating can he operated
at temperatures below the oxi{dation temperature lHmit of the MCrAlY
used for grading from metal to ceram!c.

Turbine simulation tests in the pressurized passage, and burnerv tig

cendurance test support the selection of the duplex 2r0)«8YH0 3/NLCrALY

coating as the primary coating for near~term tfield testing. The
duplex Cap8104/NLCrAlY coating should also be tested to determine
ts durability under actual turbine opervation,

Graded coatings such as Jr0ae8Y,0 =MCrAlY show poteatial for
corrosive turbine operating conditfons and there ore wairant further
deve lopment .

In & ols contaminated with vanadfum, the preseni-dav zivconfa-basaed
contings are subject to destabitization which nav lead to fatlure,
The origin ot destabilization {s reaction ot the coating with solid
vanadate condensates or gascous vanadinm ox{des.

In fuels contaminated with sodium and magnesfum sultate {mpuritios,
the present dav zirconfa-basced coatings are subject to fatlure due
to the targe mizsmateh fn thermal expanston coefficients between the
condensed Nay80, or Na SO, -MRSO, phases that deposit in the porous
coatings.

While ZropsMz0 Ls tnhevently unstable, the Zr0aeMgO/NICrAlY coating
& also susceptible to roact{on with the \0,/\0 ras produced

from tuels contafuing sultur. The reaction’ product s N\\;SO,‘.
Accelerated destabllization of the Zroy-MgO solid solution

occurs as a result of the S04 reaction and leads to failure.

The n>510a/Nl(\Al\ coating Is susceptible to reaction with the S0L/80y

as produced from tuels centafuing sultur.  The reaction produce s
Casyy that does not cause gross spalling but causes shallow chipping
the coating surface. Ca)rSto, {s also reactive towards MasO, and
MR Vaug deposits.
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V. RECOMMENDATIONS

This prograr has identified several promising thermal barrier coatings
for use in v lity turbines burning GT No. 2 fuel (ASTM-2D) or other
clean fuels. The program has further identified the deficiencles of
present day thermal barrier coatings in their resistance to lower grade
fuels. The following recommendations are made:

1.

A field testing program should be initiated using the most promising
thermal barrier coating candidates determined from the present study.
The coatings should be anplied to row 1 turbine blading and the
blading installed in a utility turbine engine for long time
durability tests. Tt is recommended that the engine be a W501D in
combined cycle, base load operating oan a clean fuel.

A test program for selected present—-day thermal barrier coatings
should be extended to gas temperatures above 1150°C and at least to
1260°C which is a near term (5 year) turbine inlet temperature
objective for utility turbines.

A more extensive fuel sensitivity evaluation program should be con-

ducted using available coal derived liquid fuels, and especially those
believed to be available in the future for utility turbine operation.

A more oxidation resistant graded-type thermal barrier coating should
be developed and evaluated. The emphasis should be on a broader
evaluation of MCrAlY type alloys (M 1s Ni/Co) for grading purposes.
This warrants further e{fort because of the potential durability of
graded coatings for use in turbines burning low grade fuel as well

as clean fuel.

An effort should be made to develop ceramic coating process
specifications for utility turbine components. These include
combustors, transition pieces and blading.

In the past year, new promising ceramic coatings and processes have
been under development by Westinghouse and others. It is recommended
that these coatings be continually evaluated for their potential

use in utility turbines.
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